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Abstract: This research examines the hydrodynamic performance of an oscillating water column
device placed over a sloping seabed under the influence of irregular incident waves. The numerical
model is based on the Reynolds-veraged Navier–Stokes (RANS) equations with a modified k− ω

turbulence model and uses the volume-of-fluid (VOF) approach to monitor the air–water interface.
To explore the hydrodynamic performance of the OWC device in actual ocean conditions, the Pierson–
Moskowitz (P-M) spectrum was used as the incident wave spectrum, together with the four distinct
sea states which occur most often along the western coast of Portugal. The numerical simulation
offers a comprehensive velocity vector and streamline profiles inside the OWC device’s chamber
during an entire cycle of pressure fluctuation. In addition, the impact of the irregular wave conditions
on the free-surface elevation at various places, the pressure drop between the chamber and the
outside, and the airflow rate via the orifice per unit width of the OWC device are investigated in
detail. The results demonstrate that the amplitudes of the inward and outward velocities via the
orifice, free-surface elevations, and flow characteristics are greater for more significant wave heights.
Further, it is noticed that the power generation and capture efficiency are higher for a seabed having
moderate slopes.

Keywords: water waves; oscillating water column device; irregular waves; RANS-VOF; ANSYS-
Fluent

1. Introduction

Socioeconomic development has accelerated, and energy, particularly crude oil, plays
a unique role in the expansion and growth of the global economy [1]. This world-renowned
expansion, however, has been accomplished at the expense of natural resources and the
environment. Moreover, the depletion of non-renewable energy sources, population growth,
climate change, and global warming challenges have placed governments in a precarious
position regarding the promotion of renewable energy [2]. Renewable energy is garnering
more attention and is widely recognized as the greatest solution to the growing cost of fossil
fuels and imminent survival issues. In a bid to save the environment from the harmful
consequences of fossil fuel emissions, the use of renewable energy sources over the long
run is cost-effective [3]. Due to the high energy-density flux of ocean waves relative to
other renewables, such as solar and wind, and their lower contribution to environmental
contaminants and global warming, the energy linked with ocean waves is of considerable
importance to researchers today [4]. In order to convert wave energy into electricity,
several wave-power production prototypes have been designed and deployed across the
globe. However, the oscillating water column (OWC) wave energy converter device is
more popular, owing to its feasibility and simple operating mechanism. The OWC device

Fluids 2023, 8, 27. https://doi.org/10.3390/fluids8010027 https://www.mdpi.com/journal/fluids

https://doi.org/10.3390/fluids8010027
https://doi.org/10.3390/fluids8010027
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://orcid.org/0000-0002-7337-3831
https://orcid.org/0000-0002-6641-5861
https://orcid.org/0000-0001-8516-8969
https://orcid.org/0000-0001-7914-8726
https://orcid.org/0000-0003-4234-4568
https://doi.org/10.3390/fluids8010027
https://www.mdpi.com/journal/fluids
https://www.mdpi.com/article/10.3390/fluids8010027?type=check_update&version=1


Fluids 2023, 8, 27 2 of 31

consists of a partially submerged collector chamber and a power take-off (PTO) system
that consists of a Wells turbine located at the top of the chamber to avoid direct contact
with seawater. The detailed advantages and working mechanism of the OWC device
are provided in [5,6]. The mathematical modeling of the OWC device started with the
work of [7–9]. The Galerkin method was used by [10] for investigating the hydrodynamic
performance of the OWC device in the framework of linear water-wave theory. In this
research, numerous critical characteristics relating to the efficiency of OWC devices, such
as radiation susceptance and radiation conductance, volume flux inside the chamber, and
maximum efficiency of the OWC, were examined for various values of the device’s form
parameters. Furthermore, two distinct resonance mechanisms were depicted in order to
achieve maximum efficiency in the OWC device. Under the assumptions of linear water-
wave theory, most of the studies so far examined the two main components (chamber
and turbine) of the OWC device. Note though, that the coupling between the chamber
configuration and turbine geometry plays a crucial role in the design and optimization of
this type of wave energy converter, since the performances of these two components depend
on one another. In order to get the resonant conditions in the chamber, the turbine must
provide the optimal pneumatic damping [11–13]. Further, to enhance the performance of
the turbine, the chamber geometry plays a significant role [14–17]. In addition, to handle the
complex geometries and undulated seabeds, the wave–OWC interactions can be modeled
and solved numerically by employing the boundary element method (BEM) [6,18,19]. In
all the studies mentioned above, for the linear waves, the analytical two-dimensional linear
models were successfully utilized to determine the optimum pneumatic damping and
hydrodynamics for every specific wave condition. The drawback of these simulations
is that the various flow properties, such as vortex creation and turbulence, cannot be
addressed due to the absence of viscosity. However, as the incident wave heights increase,
nonlinear numerical models have to be applied to study the nonlinear hydrodynamic
phenomena in the OWC device.

In recent decades, computational fluid dynamics (CFD)-based solution approaches
have been used as a substantial supplement to conventional physical testing processes in
ocean engineering in order to obtain a better knowledge of the flow characteristics sur-
rounding the OWC device and to adequately prepare the most appropriate hydrodynamic
and thermodynamic processes involved in the interactions among waves, OWC, and air in
the chamber [20]. Some initial work based on the CFD-based technique, the volume of fluid
(VOF) approach, was performed by [21] to handle the complex configurations associated
with free boundaries and extremely complex free-surface flows. In order to study the effect
of viscosity and nonlinear interaction between the incident waves and the OWC device, the
CFD-based Open-FOAM program was utilized [22–27]. This research demonstrated that
the structural configuration and turbine damping factors considerably affected the OWC
device’s performance. In all the studies mentioned earlier, the OWC device was placed
over the uniform seabed. However, the seabed is not uniform in nature. When ocean waves
propagate toward coastline areas, the incident wave energy is constantly modified due to
the bottom effects. Bottom friction causes a variety of physical phenomena, such as wave
refraction, shoaling, and breaking. Therefore, it is very important to take into account the
undulated bottom topography to analyze the hydrodynamic performance of the OWC
device, which is placed on a vertical cliff in the shoreline areas.

In each of the preceding investigations, the hydrodynamics of the OWC device was
examined in the presence of regular incident waves. However, in actual sea conditions,
the ocean is exceedingly unpredictable and irregular. In light of this, it is of utmost import
to evaluate the functioning of OWC devices in real sea conditions. CFD-based modeling
was used by [28–30] to examine the performances of OWC devices under random incident
waves. These studies demonstrated that the OWC device is more productive than in the
presence of irregular incoming waves for the majority of wave frequencies, especially
around the resonating frequencies. It is to be noted that in all the studies mentioned above,
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either the turbulence effect was ignored or the OWC device was placed over the uniform
seabed. This particular gap serves as a motivation for the present study.

In this work, the CFD-based ANSYS Fluent program was used to evaluate the hy-
drodynamic performance of the OWC device. Major emphasis was put on analyzing the
influence of fluid particle motion in the air chamber on the hydrodynamic performance of
the OWC device positioned over a sloping seafloor in the presence of irregular incident
waves. The overall organization of the paper is as follows: Section 2 contains the model-
ing of a numerical wave tank, geometry and grid generation, governing equations, and
associated boundary conditions. The hydrodynamics of the OWC device in the presence of
irregular waves are discussed in Section 3. The associated results and conclusions of the
present research are provided in Sections 4 and 5.

2. Modeling of the Numerical Wave Tank (NWT)

The present section provides the mathematical formulation and boundary conditions
corresponding to the 2D NWT model based on the CFD tool ANSYS Fluent.

2.1. Geometry and Grid Generation

The present research was carried out in a numerical wave tank (NWT) for numerical
simulation purposes. A detailed working mechanism of the OWC device is provided in [17].
A two-dimensional, multiphase, time-dependent, incompressible CFD model was utilized
in ANSYS-Fluent to generate the numerical wave tank (NWT), which acted as a towing
tank to replicate the real sea environment artificially. In the present analysis, the wave
tank length was selected in such a way that the reflection from the opposite end would not
reach the wave-making zone. Here, a substantial portion of the incident wave energy was
trapped inside the OWC chamber in the form of an oscillating column of water (see [31]).
The computational domain of the physical problem is given in Figure 1. The OWC device
was placed over the slopping seabed with the sloping angle θ, as shown in Figure 1. The
2D tank was considered in the xy plane. For a particular wavelength λ, the total length of
the tank was considered 10 times the wavelength, and the OWC chamber was placed at a
distance of five times the wavelength from the wave inlet (see [32]). The free surface water
level lay at y = 5, making the water depth 5 m. The OWC device was located near the rear
end of the tank, as shown in Figure 1, which was sufficiently far away from the incident
wave creation zone. The thickness of the OWC’s wall was 0.25 m, and the draft of the front
wall into the water was taken to be 2.75 m. The width of the orifice was 0.2 m.

Figure 1. Vertical cross-section of the OWC device placed over the sloping seabed.

In the present analysis, the computational domain of the physical problem was meshed
utilizing the quadrilateral elements, which are appropriate for the VOF (volume of fluid)
model in ANSYS Fluent. A sketch of the meshing of the entire domain is provided in
Figure 2. Further, the domain was subdivided into different sub-mesh regions, such as the
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free surface and surfaces near the orifice, allowing for the selection of different cell sizes to
define a more refined grid for the representation of specific study zones. Near the upper
and lower boundaries of the domain, the cell size was ∆x = 0.14405 m and ∆y = 0.208 m.
The cell size decreased gradually towards the air–water interface, where the cell size was
∆x = 0.14405 m and ∆y = 0.0389 m. Further, near the orifice of the OWC device, the cell
size was ∆x = 0.078 m and ∆y = 0.074 m. The cell sizes in the remaining portions was
adjusted automatically using ANSYS Fluent.

Figure 2. Mesh generation of the OWC device.

2.2. Governing Equations

The fluid flow problems were governed by the equation of continuity, along with the
Reynolds-averaged Navier–Stokes (RANS), given as (see [23])

∂Ui
∂xi

= 0, (1)

ρ
∂Ui
∂t

+ ρUj
∂Ui
∂xj

= ρ fi −
∂P
∂xi

+
∂

∂xj

(
µ

∂Ui
∂xj
− ρU′i U

′
j

)
, (2)

where Ui are the average velocities. Further, ρ, fi, and P are termed fluid density, forces
acting per unit volume of fluid, and average pressure, respectively. Here, µ is the fluid
kinetic viscosity and ρU′i U

′
j is the measure of Reynold’s stresses.

The real-time oceanic waves are turbulent in nature. The turbulence caused by break-
ing waves has a significant impact on marine structures. Since the OWC device is placed
on the seashore or floats in the sea, the waves can hit it, causing turbulence due to breaking
waves. As a result, turbulence must be considered in the hydrodynamics of the OWC
device (see [33]). To capture the effect of turbulent flow conditions, the k−ω model was
used in the present analysis. Further, the k−ω model has numerous advantages over the
other turbulence models; e.g., under adverse pressure-gradient conditions, the k−ω model
performs significantly better than the k− ε model. In addition, another advantage of the
k−ω model is its ease of formulation in the viscous sublayer. In k− ε model, the numerical
stiffness arises due to the viscous sublayer (see [34] for details). The governing equations
for the k−ω model are given as follows:

∂ρω

∂t
+∇.

[
ρUiω

]
= αpω − βρω2 +

ρd
ω

ρ∇k.(∇ω)T +∇.
[(

µ + σωρ
k
ω

)
∇ω

]
, (3)

∂ρk
∂t

+∇.
[
ρUik

]
= pk − β∗ρωk +∇.[(µ + σ∗µt)∇k]. (4)
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Here, k and ω are the turbulent kinetic energy and characteristic eddy frequency. Further,
pk and pω are production terms of k and ω, respectively; and µt is the dynamic, turbulent
eddy viscosity (see [35,36] for details). The expressions for the same are given as

pk = µt
(
∇×Ui

)
.
(
∇×Ui

)T , pω =
ω

k
pk, and, µt =

ω̃

k
pk, (5)

where

ω̃ = max

{
ω, Clim

√
2S : S

β∗

}
. (6)

Now, the specific Reynolds stress tensor T and strain rate tensor S can be expressed as

T =
2
ρ

µtS−
2
3

kI, and S =
1
2

[
∇Ui + (∇Ui

T
)
]
, (7)

where I is the identity tensor. Further, the suggested values for the coefficients associated
with the k−ω model are as follows: α = 13/25, β = 0.072, β∗ = 0.09, ρω = 0.5, σ∗ = 3/5,
and Clim = 7/8 (see [35] for details).

2.3. Boundary Conditions and Generation of Free Surface

The computational domain of the physical problem consists of various boundaries,
such as the top boundary, OWC duct boundaries, inlet, and bottom boundary, respectively.
No-slip and no-penetration wall boundary conditions were implemented on the bottom,
and OWC duct boundaries and the same are given as{

Ui.n̂ = 0, on Γ, (no penetration),
Ui.τ̂ = 0 on Γ, (no slip).

(8)

Here, n̂ and τ̂ represent the outward unit normal and unit tanget vector to the boundary
Γ (bottom and OWC duct boundaries), respectively. Moreover, at the top boundary, the
pressure outlet condition, i.e., constant pressure (corresponding to zero-gauge pressure),
is utilized.

Pabsolute = Pgauge + Poperating,

Pabsolute = 101325 Pa. (9)

On the inlet, an open channel boundary condition is used, in which the free surface
displacement η, horizontal velocity U1, and vertical velocity U2 are given by

η = A cos(kx−ωt),

U1 = ωA
cosh(ky)
sinh(kh)

cos(kx−ωt),

U2 = ωA
sinh(ky)
sinh(kh)

sin(kx−ωt). (10)

To generate the irregular waves, an incident wave spectrum is taken, from which the
finite number of Ai and ωi are generated. Further, k and ω are wavenumber and angular
frequency, respectively. Now, to generate the free surface, the volume of fluids (VOF)
approach is employed to incorporate the interaction of two fluids: air and water, in the
line of the free surface. The fluid region is defined via the VOF approach using the VOF
function q. In particular, a value of q = 1 corresponds to a cell full of water, and a value of
q = 0 indicates an air cell. The cells contain the free surface with 0 < q < 1. If the volume
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fraction of the phase is represented by qi, then the equation of continuity for the volume
fraction is written as (see [37])

∂qi
∂t

+ U1
∂qi
∂x1

+ U2
∂qi
∂x2

= 0, i = 1, 2 (11)

The equation mentioned above was subjected to the volume fraction constraint: that the
total volume fraction for all the phases is equal to unity. The constraint is given as follows:

n

∑
i=1

qi = 1. (12)

Further, the compressive scheme in ANSYS Fluent was utilized to track the free surface
more accurately.

3. Hydrodynamic Performance of the OWC Device in an Irregular-Wave Environment

This section provides the expressions associated with the hydrodynamic efficiency of
the OWC device in the presence of irregular incident waves. The power absorbed by the
OWC device is calculated as the time average of the product of pressure drop ∆p (between
the OWC device’s chamber and the exterior), and the airflow rate through the orifice per
unit width of the OWC device’s chamber q(t) can be expressed as

Pout =
1
tm

∫ tm

0
∆pq(t)dt, (13)

where tm is the maximum run-time of the simulation. Further, the incident wave energy
flux Pinc is given as

Pinc = ρg
∫ ∞

0
Sinc(ω)Cgdω, (14)

where Cg is group velocity with the expression Cg =
ω

2k

(
1 +

2kh
sinh(2kh)

)
, and k is the

positive real root of the dispersion relation ω2 = gk tanh(kh). Here, Sinc is the incident
wave spectrum, and the expression for the same is written as

Sinc =
5

16
H2

s

(
ω4

p

ω5

)
exp

(
−

5ω4
p

4ω4

)
. (15)

Hs and ωp are significant wave height and peak frequency, respectively. Finally, the
hydrodynamic efficiency of the OWC device is defined as the ratio of power absorbed by
the OWC device and the incident wave energy flux, which can be expressed as

η =
Pout

Pinc
. (16)

4. Results

The present section yields the influence of the irregular wave conditions on the free-
surface elevation at different locations. Vertex-averaged y-velocity inside the orifice and
the pressure drop between the chamber and the exterior are analyzed in a detailed manner.
The parameters associated with the seabed and incident waves were taken as follows:
g = 9.81 m/s2, ρ = 1025 kg/m3, and angle of the sloping seabed θ = 18.6◦, unless other-
wise mentioned. The characteristics of four different most common sea states on the western
coast of Portugal (see [38] for the incoming wave spectrum) associated with Equation (15)
are the following: the significant wave heights Hs = 0.9, 1.18, 1.23, and 1.88 m; and the
corresponding peak frequencies ωp = 1.257, 0.967, 0.811, and 0.993 Hz, respectively. For
simulation purposes, parallel computing was utilized in ANSYS Fluent software, in which
two of the latest GPU graphics cards (NVIDIA GeForce RTX 2080) and 24 processors (Intel
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(R) silver 4116 CPU @ 2.10 GHz) were used. The run-time was approximately 8 h for the
210 s simulation with the time step 0.05 s using the aforementioned computer configuration.

4.1. Comparison with the Existing Results

The present section provides the comparison between the present numerical results
and the results of [22]. To verify the present computational results, the pressure drop and
flow rate as functions of flow-time obtained using the CFD-based tool ANSYS Fluent are
compared (see Figure 3a,b) against the numerical results provided in [22] (see Figure 5a,b
in [22]). The geometrical and incident wave parameters were the same as those mentioned
in [22]. Both the figures show that the results obtained using the present CFD-based tool,
ANSYS Fluent, match well with the results of [22].

(a)

(b)

Figure 3. Comparison of present numerical results (a) pressure drop, and (b) flow rate vs. the
flow-time, with the results of [22] in the case of regular waves.

4.2. Grid-Convergence Analysis

To verify that the desired flow physics were accurately implemented in the computa-
tional domain, a grid convergence study was carried out in line with ASME V 20-2009 by
considering the pressure and velocity at the PTO inlet as variables. The grid convergence
index (GCI), which is used as an indicator of discretization uncertainty, is reported in the
following section. The representative grid size “G” is defined as follows.

G =
1
N

[
N

∑
i=1

∆Ai

]1/2

. (17)
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Ai is the area of the ith cell and N is the total number of cells used for the computations.
For each grid, the representative grid sizes G1 = 0.10197, G2 = 0.17323, and G3 = 0.29441
were evaluated; and the grid refinement ratio "r" was determined as r21 = G2/G1 and
r32 = G3/G2. Here, r21 = r32 = 1.7, and the apparent order p was determined using the
following expression:

p =
1

ln(r21)
[ln|ε32/ε21|+ q(p)]. (18)

Here, ε21 = φ2 − φ1, ε32 = φ3 − φ2, and φk denotes the solution on the kth grid. Further,
q(p) is calculated as

q(p) = ln

(
rp

21 − s
rp

32 − s

)
, s = 1. sin(ε32/ε21). (19)

In addition, q(p) becomes zero when r is constant. Further, the approximate relative error
is given as

ea
21 =

∣∣∣∣φ1 − φ2

φ1

∣∣∣∣. (20)

The coarse grid convergence index is calculated as follows:

GCI21
Coarse =

1.25 ea
21rp

21

rp
21 − 1

. (21)

In a similar manner, the fine grid convergence index can be expressed as

GCI21
Fine =

1.25 ea
21

rp
21 − 1

. (22)

Table 1 demonstrates that all the parameters are well within the asymptotic range. The
aforementioned verification shows that the grid convergence is good for pressure drop,
volume flux, and free-surface elevation. Hereafter, the representative grid size G2 = 0.17323
is considered for the numerical simulation.

As the incident wave approaches the OWC device, some of its energy is reflected
back after interacting with the front wall. The major part of the wave energy incident on
the structure is trapped inside the chamber in the form of an oscillating water column.
This oscillation of the water column inside the OWC chamber oscillates with maximum
amplitudes at the resonating frequencies. The energy transformation from the incident
waves into the water column motion involves mass and energy transport, which cannot be
explained solely by assuming the oscillatory behavior of the free surface. As a result, it is
interesting to investigate the flow patterns and the velocity profiles inside the OWC device’s
chamber during an entire cycle of pressure fluctuation. The corresponding velocity vector
profiles are presented in Figures 4–7, and the streamlines profiles are shown in Figures 8–11.
It is to be noted that for each set of figures, different values of the significant wave height
Hs and peak frequencies ωp were used, as mentioned in the caption of each figure. In
Figures 4–11, the velocity vector profiles and streamlines of the fluid (both air and water)
are provided at various instants of time. It is observed that swirling motion in the fluid
flow occurs at the tip of the front wall, inside the chamber, and near the front wall surface.
A similar observation was found in [39]. The creation of these vortices is most likely one of
the causes of energy dissipation during the wave-energy-capture process. The vortices near
the front wall occur due to the mutual interaction between the incident and the reflected
waves. On the other hand, the vortices at the tip of the front wall occur due to the sharp
tip edge of the front wall where the singularity of the flow occurs. Further, the vortices
occur within the chamber due to the to-and-fro reflection of the waves by the OWC front
and back walls. The velocity vectors in Figures 4–7 provide a generalized representation
of the velocity field distribution among fluid particles. Further, it is demonstrated that
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the fluid particles having significantly lower velocity magnitudes are dispersed in various
directions. In contrast, particles with higher velocity magnitudes are positioned in a single
direction near the orifice of the OWC device’s top wall. A similar observation was reported
by [31]. In addition, it is seen that the velocity fields have a higher magnitude in the
PTO region due to the presence of the narrow orifice. On the other hand, the streamlined
profiles in Figures 8–11 depict the formation of vortices at different locations during a fixed
time instant. The highly rotating flow field within the chamber arose due to the energy
transfer from the water column to the air. Thus, the vortices’ formation can be observed
in almost every time instant in the air phase, whereas vortices near the front wall can
be observed in only a few cases. The reason for the same is already provided in the [31].
Further, Figures 4–7 reveal that with time, an apparent alternatively inward and outward
flow of air occurs at the orifice of the device. In addition, it is also seen that the inward and
outward velocities through the orifice in Figure 7 are higher than those in Figures 4–6. This
is because the significant wave height Hs is higher in Figure 7 than Figures 4–6.

Table 1. Discretization errors of numerical solutions. These data were collected at the mid-point of
the orifice for t = 45 s. Here, Hs = 1.18 and ωp = 0.967.

Pressure Drop ∆p Flow Rate q Free Surface Elevation y

φ1 3886.113977 0.806048 4.984980
φ2 3830.789328 0.789875 4.979356
φ3 3698.194237 0.748617 4.956397
ε21 −55.324649 −0.016172 −0.005624
ε32 −132.595090 −0.041258 −0.022959
r21 1.7 1.7 1.7
r32 1.7 1.7 1.7
p 1.647257 1.764910 2.650948

ea
21 0.014236 0.020064 0.001128

ea
32 0.034612 0.052233 0.004610

GCI21
Coarse 0.030537 0.041250 0.001867

GCI21
Fine 0.012741 0.016169 0.000457

GCI32
Coarse 0.074244 0.107387 0.007633

GCI32
Fine 0.030978 0.042095 0.001869

(a)

Figure 4. Cont.
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(b)

(c)

(d)

Figure 4. Velocity-vector profile at various time instants: (a) t = 110 s, (b) t = 170 s, (c) t = 180 s, and
(d) t = 199 s, with Hs = 0.9 m and ωp = 1.257 Hz.
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(a)

(b)

(c)

Figure 5. Cont.



Fluids 2023, 8, 27 12 of 31

(d)

Figure 5. Velocity vector profile at various time instants: (a) t = 120 s, (b) t = 140 s, (c) t = 170 s, and
(d) t = 175 s, with Hs = 1.18 m and ωp = 0.967 Hz.

(a)

(b)

Figure 6. Cont.
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(c)

(d)

Figure 6. Velocity-vector profile at various time instants: (a) t = 110 s, (b) t = 130 s, (c) t = 190 s, and
(d) t = 210 s, with Hs = 1.23 m and ωp = 0.811 Hz.

(a)

Figure 7. Cont.
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(b)

(c)

(d)

Figure 7. Velocity-vector profile at various time instants: (a) t = 103 s, (b) t = 119 s, (c) t = 134 s, and
(d) t = 144 s, with Hs = 1.88 m and ωp = 0.993 Hz.
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(a)

(b)

(c)

Figure 8. Cont.
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(d)

Figure 8. Streamline profile at various time instants: (a) t = 120 s, (b) t = 170 s, (c) t = 190 s, and
(d) t = 210 s, with Hs = 0.9 m and ωp = 1.257 Hz.

(a)

(b)

Figure 9. Cont.
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(c)

(d)

Figure 9. Streamline profile at various time instants: (a) t = 120 s, (b) t = 150 s, (c) t = 170 s, and
(d) t = 200 s, with Hs = 1.18 m and ωp = 0.967 Hz.

(a)

Figure 10. Cont.
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(b)

(c)

(d)

Figure 10. Streamline profile at various time instants: (a) t = 130 s, (b) t = 150 s, (c) t = 190 s, and
(d) t = 210 s, with Hs = 1.23 m and ωp = 0.811 Hz.
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Figure 11. Cont.
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(d)

Figure 11. Streamline profile at various time instants: (a) t = 110 s, (b) t = 134 s, (c) t = 165 s, and
(d) t = 180 s, with Hs = 1.88 m and ωp = 0.993 Hz.

Figures 12–15 demonstrate the variation in free-surface elevation at different locations:
(a) x = 0.5 m, (b) x = 72.025 m, (c) x = 143.5 m, and (d) x = 146.4 m, as a function of flow
time. Figures 12–15 depict that the variations of the free-surface elevations follow a highly
oscillatory pattern. Further, it is noticed that the amplitude of the free-surface elevation is
higher near the wave generation zone, i.e., at x = 0.5 m. However, the amplitude and the
oscillatory pattern of the free-surface elevation, decrease inside the OWC device’s chamber.
A similar observation was found in [31,40]. This is because wave energy dissipates while
propagating in the presence of turbulence damping. Further, careful observation revealed
that inside the OWC device’s chamber, the free-surface elevation is shifted towards a higher
level. This happens due to the to-and-fro reflection of the waves by the OWC’s front and
rear walls. Moreover, it is also seen that the amplitude of the free-surface elevation in
Figure 15 is higher compared to Figures 12–15. This phenomenon occurs due to the higher
significant wave height Hs.

(a)

Figure 12. Cont.
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(b)

(c)

(d)

Figure 12. Variation in the free surface at different locations: (a) x = 0.5 m, (b) x = 72.025 s,
(c) x = 143.5 m and (d) x = 146.4 m, with Hs = 0.9 m and ωp = 1.25 Hz.
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Figure 13. Cont.
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(d)

Figure 13. Variation in the free surface at different locations: (a) x = 0.5 m, (b) x = 72.025 m,
(c) x = 143.5 m and (d) x = 146.4 m, with Hs = 1.18 m and ωp = 0.967 Hz.

(a)

(b)

Figure 14. Cont.
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(c)

(d)

Figure 14. Variation in the free surface at different locations: (a) x = 0.5 m, (b) x = 72.025 m,
(c) x = 143.5 m and (d) x = 146.4 m, with Hs = 1.23 m and ωp = 0.811 Hz.

(a)

Figure 15. Cont.
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(b)

(c)

(d)

Figure 15. Variation of the free surface at different locations: (a) x = 0.5 m, (b) x = 72.025 m,
(c) x = 143.5 m and (d) x = 146.4 m, with Hs = 1.88 m and ωp = 0.993 Hz.

In Figures 16–19, the variations in the pressure drop and flow rate is plotted as
functions of flow time. The air–water friction with the OWC device walls and the orifice
cross-section mainly influence the pressure difference between the chamber and the outside
of the chamber. In Figures 16–19, it is observed that the variation in the pressure drop and
flow rate follow an oscillatory pattern. This pressure drop occurs due to the movement
of the water column inside the OWC chamber of the NWT. Further, the amplitude of the
pressure drop near is higher in the intermediate regime of the flow time. This happens
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due to the fact that after some flow time, the oscillation of the water column becomes
higher, which diminishes to some extent due to the presence of waves being reflected by
the OWC walls. This reflected wave inside the chamber prevents incident waves from
entering the chamber. This observation is reported in Figures 12–15. A comparison among
Figures 16–19 demonstrated that the amplitudes of the pressure drop and flow rate are
higher in Figure 19 than in Figures 16–18. This happens as the significant wave height Hs is
higher in Figure 19. Figures 12–15 demonstrate the variation in free-surface elevation at
different locations: (a) x = 0.5 m, (b) x = 72.025 m, (c) x = 143.5 m, and (d) x = 146.4 m,
as a function of flow time. Figures 12–15 depict that the variations in the free-surface
elevations follow a highly oscillatory pattern. Further, it is noticed that the amplitude
of the free-surface elevation is higher near the wave-generation zone, i.e., at x = 0.5 m.
However, the amplitude and the oscillatory pattern of the free-surface elevation decreases
inside the OWC device’s chamber. A similar observation was found in [31,40]. This is due
to the fact that wave energy dissipates while propagating in the presence of turbulence
damping. Further, careful observation revealed that inside the OWC device’s chamber, the
free-surface elevation is shifted towards a higher level. This happens due to the to-and-fro
reflection of the waves by the OWC front and rear walls. Moreover, it is also seen that the
amplitude of the free-surface elevation in Figure 15 is higher than in Figures 12–15. This
phenomenon occurs due to the higher significant wave height Hs.

(a)

(b)

Figure 16. Variation in the (a) pressure drop, and (b) flow rate vs. the flow-time, with Hs = 0.9 m
and ωp = 1.25 Hz.
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(a)

(b)

Figure 17. Variation in the (a) pressure drop, and (b) flow rate vs. the flow-time, with Hs = 1.18 m
and ωp = 0.967 Hz.

(a)

Figure 18. Cont.
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(b)

Figure 18. Variation in the (a) pressure drop, and (b) flow rate vs. the flow-time, with Hs = 1.23 m
and ωp = 0.811 Hz.

(a)

(b)

Figure 19. Variation in the (a) pressure drop, and (b) flow rate vs. the flow-time, with Hs = 1.88 m
and ωp = 0.993 Hz.

Table 2 demonstrates the power generated by the OWC device Pout and the efficiency
η of the OWC device in the presence of irregular incident waves. In Table 2, it is seen
that the power generated by the OWC device is higher for Hs = 1.88 m compared to
other significant wave heights Hs. This particular phenomenon happens due to the higher
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value of significant wave height Hs. Further, the effect of the sloping seabed on the power
generated Pout by the OWC device is provided in Table 2. It is demonstrated in Table
2 that the power generation, and the efficiency of the OWC device, are higher for the
uniform seabed and the seabed having a moderate sloping angle. The reason for that is the
following: (i) the stiff slopes create an obstruction for the incoming waves entering into the
OWC device’s chamber, and (ii) in the presence of a higher sloping angle seabed, a large
number of the incoming waves are reflected back.

Table 2. Average power output and efficiency for the most common sea states represent the local
wave climate at the western coast of Portugal.

θ Hs (m) ωp (Hz) Pout (kW/m) Pinc (kW/m) η

18.6◦ 0.9 1.257 0.442 1.957 0.225
1.18 0.967 2.167 4.156 0.521
1.23 0.811 3.632 5.0075 0.725
1.88 0.993 5.326 10.362 0.513

0◦ 1.18 0.967 2.139 4.156 0.515

5◦ 1.18 0.967 2.182 4.156 0.525

10◦ 1.18 0.967 2.143 4.156 0.516

26.8◦ 1.18 0.967 2.047 4.156 0.492

5. Conclusions

In the present study, the hydrodynamic performance of the oscillating water column
(OWC) device placed on a sloping seabed was studied under the influence of irregular
incident waves, in which the Pierson–Moskowitz (P-M) spectrum was used as the incident
wave spectrum. The numerical computations were performed based on the Reynolds-
averaged Navier–Stokes equations (RANS) with a modified k−ω turbulence model, and
a volume of fluid (VOF) method was used to track the air–water interface. The research
demonstrates that the creation of vortices due to the swirling motion in the fluid flow at
the tip of the front wall, inside the chamber, and near the front wall surface, is the main
cause of the wave energy dissipation. The fluid particles with substantially smaller velocity
magnitudes are scattered in several directions. In contrast, particles with greater velocity
magnitudes are aligned in a single direction near the orifice of the OWC chamber. This
particular phenomenon significantly enhances the efficiency of the OWC device during
the energy extraction process. The streamline profiles show that the vortices are formed in
almost every time instant in the air phase, whereas vortices near the front wall are formed
in only a few cases. The oscillation of the water column becomes higher at the intermediate
flow time, which diminishes due to the presence of waves reflected by the OWC walls. The
outcomes of this study reveal that the amplitudes of the inward and outward velocities
via the orifice, free-surface elevations, and flow characteristics are greater for a higher
significant wave height. The present study concludes that the power generation and the
capture efficiency of the OWC device are higher for a seabed with a moderate slope.
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