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Abstract: Although oscillating water column (OWC) wave energy converters are arguably one of
the most studied technologies, it is not clear which chamber geometry, among all of the available
alternatives, would provide the best performance at a site of interest. In this work, a numerical model
based on the Navier-Stokes equations for two compressible fluids, using a volume-of-fluid interface-
capturing approach, is implemented to determine the best performing OWC geometry in a case study
off the Port of Vigo (NW Spain). Four general shapes of OWC are analyzed: classic, stepped-bottom,
U-shaped and L-shaped, and geometrical variants are investigated. In total, 18 chamber geometries
are studied, considering the same turbine geometry in all of them. It was found that the U-shaped
and L-shaped designs are the most easily tuned to resonate at a period of interest. Of these two, the
L-shaped performs better. The best performance is achieved for an L-shaped OWC design with a
shallow entrance, a high horizontal chamber duct and a wide vertical duct, for which a maximum
capture-width ratio of 71.6% was achieved.

Keywords: wave energy; wave energy converter; WEC; oscillating water column; OWC

1. Introduction

Oscillating water column (OWC) devices are one of the most studied wave energy
conversion technologies so far [1]. An OWC consist of an empty chamber opened to the
sea below the surface, and an air turbine. Wave action causes the oscillation of the water
column inside the chamber, alternately compressing and decompressing the air in the
upper part of the chamber. The pressure difference created between the interior of the
chamber and the atmosphere forces the air to move in and out of the chamber, driving
the turbine in the process. Due to the bidirectional characteristics of the flow, a special
solution is required to harvest the greatest amount of available pneumatic energy per cycle.
The most common solution are the self-rectifying air turbines [2], although there are other
alternatives as the vented OWCs, a novel design that, by using passive rectifying air flow
valves in the chamber, works with unidirectional turbines [3]. Among self-rectifying air
turbines, Wells (reaction) turbines [4] and impulse turbines, both axial [5], radial [6], or the
novel biradial [7], are at the forefront of the developments.

However, not only the turbine design is important in order to maximize the perfor-
mance of an OWC device, the chamber geometry is also an essential aspect. The chamber
must be designed to ensure near-resonant conditions with the incident waves and, at the
same time, to avoid energy losses. In this context, the geometry of OWC converters has
been widely analyzed in recent literature. A special design of OWC, equipped with an
extra front wall that causes the OWC chamber to be connected to the sea through a vertical
duct, increasing the natural oscillation frequency of the water column was proposed in [8].
As a result of this configuration this device is known as U-shaped OWC. Rezanejad et al. [9]
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proposed a new configuration of the OWC by locating a step in front of the chamber. The
step adds a new resonant mechanism that takes place when the water volume above the
step acts similarly to a rigid piston with its natural frequency of oscillation being close to
the frequency of the incident wave. There exist also L-shaped OWC geometries in which
a duct oriented in the direction of wave propagation is used to increase the resonant fre-
quency of the system [10,11]. This concept was also used in the OWC module of the hybrid
wave energy converter proposed in [12] that merges an OWC and an overtopping device.
When the OWC is designed to be isolated, the cylindrical shape is one of the most common
alternatives given that this solution is not affected by wave direction [13]. It was proposed
both for nearshore devices [14,15] as well as for hybrid wind-wave applications [16]. Hy-
brid wave farms combining OWC WECs with other wave energy conversion technologies
have also been investigated [17,18]. In addition, many studies investigate the performance
improvements that specific geometric modifications introduce in an OWC converter, e.g.,
variations in the slope of the front and rear walls of the chamber [19], or the effects of the
length and the opening angle of harbor walls (a pair of sidewalls in front of the device) [20].
Finally, OWC technology lends itself to the installation of multiple chambers, integrated
e.g., in floating platforms or deployed along the coast as part of a structure [21,22]. In all the
mentioned cases, both on the offshore and the nearshore OWC devices, the optimization of
the chamber geometry has to be carried out taking into account the wave climate at the
locations of interest, being necessary to characterize the wave conditions that provide the
bulk of energy (e.g., [23-25]).

Despite the efforts of the last few years to obtain optimized OWC geometries, it is
not straightforward to select a design for a new plant at a site of interest. In this work,
a bidimensional numerical model is implemented to determine the best performing OWC
design for a given site. The numerical model is based on the RANS-VOF numerical wave
flume implemented and validated in previous works [26,27] but improved in order to take
into account the spring-like effect of the air compressibility, a factor that meaningfully
affects the performance of an OWC converter [28]. The restrictions imposed on the OWC
designs in this study are: (i) the design must lend itself to integration into a coastal structure;
and (ii) its construction should be easy (avoiding intricate geometries) for containing costs.
In this way, the solution achieved would be applicable to a wide range of ports. Four main
general shapes of OWC are analyzed: classic, stepped-bottom, U-shaped and L-shaped; and
for each of them different geometrical modifications are considered. In total, 18 geometries
are studied. The work is illustrated through a case study in the surroundings of the Port of
Vigo (NW Spain).

2. Materials and Methods
2.1. Case Study Site

The Port of Vigo (Figure 1) is one of the most important ports in the northwest of the
Iberian Peninsula. It is located in the Ria de Vigo and constitutes a natural harbor that is
sheltered by the Cies Islands. In this port—as in many others—there is a growing interest in
developing sustainable solutions which compensate for the high energy consumption and
pollution emissions that take place on its operational areas. In this context, wave energy is
one of the most important renewable energy sources at the Ria de Vigo area [29]. However,
due to the natural protection that Cies Islands provide, most of the port surroundings are
wave sheltered areas. One of the most interesting locations is the zone near Cape Estai, just
in front of a small island, named Toralla, off the south coast of the Ria, which is identify
as Point A in Figure 1. The easting (X) and northing (Y) coordinates of this point are:
X =515,603 m, Y =4,672,240 m (UTM29N/ETRS89). The reasons for selecting this area
are mainly two: (i) it is one of the zones in the port surroundings with more available
wave energy as it is exposed both to the northwest and southwest waves, that enter the Ria
through the channels between the Cies Islands and the north and south margins of the Ria;
and (ii) an OWC wave energy converter at this location could provide shelter to Toralla
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Island, protecting it from the extreme wave events that often produce material damages to
the facilities in the island.

The annual characterization matrix of the wave climate at Point A, discretized in terms
of energy bins (bivariate intervals of spectral significant wave height and energy period), is
presented in Figure 2. It can be seen that the sea states which provide the bulk of energy are
those with significant wave heights around H;,g = 1 m and energy periods around T, = 10 s.
Therefore, an OWC appropriate for being placed at this location should provide its best
performance under wave conditions with these characteristics.
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Figure 1. Location of the area of study (left) and detail of the Port of Vigo and the point of interest (Point A) (right).
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Figure 2. Annual characterization matrix of the wave energy resource at the point of interest.
Numbers indicate the occurrence in annual hours of the sea states in each energy bin.

2.2. Numerical Modeling

In order to select the geometry of the OWC converter best suited for operating under
the wave climate in the area of interest, a numerical wave flume—a mirror of the experi-
mental wave flume at the University of Santiago de Compostela (USC)—was implemented.
This approach has been followed in previous works both for the study of OWC wave
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energy converters [26,27] and other coastal engineering problems [30], obtaining excellent
results. The numerical model used was OpenFOAM [31], an open source computational
fluid dynamics (CFD) package organized as a series of toolboxes that encompass different
numerical solvers, meshing tools and pre- and post-processing utilities.

2.2.1. Governing Equations

In order to take into account the effects of air compressibility—which is known to
play a significant role in the performance of prototype OWC devices (e.g., [32])—the
compressibleInterFoam solver was used. It is a pressure-based solver for two compressible,
non-isothermal immiscible fluids using a volume-of-fluid interface capturing approach.

The governing equations are the mass (1), momentum (2) and energy (3) conservation
equations, together with an equation of state (6) or (7):

% _
V-(pu)—kg =0, (1)
opu
?—l—v-(puu) =-Vp+V-14+pg+F, (2)
E)(pCpr)
———% + V- (pCyTyu) = V(¥eVTy) + S, 3)

where p is the fluid density; u is the fluid velocity vector; T is the viscous stress tensor; g is
the gravitational acceleration; p is the pressure; ¢ is the time; F is the source of momentum
due to surface tension; Tyis the temperature; C, is the fluid specific heat; ¥, is the fluid
thermal conductivity; and St is the source term in the energy equation.

The viscous stress tensor is:

2
T = togy [ Vit + (V)] + Spiegp (V) @)
where I is the identity tensor and . is the effective dynamic viscosity:

Heff = 1+ pve, ©)

where p is the dynamic viscosity of the fluid and v; is the turbulent kinematic viscosity.
The equation of state for the air, which is assumed as a perfect gas, is:

p
Pair = ’ (6)
RTy

where R is the specific gas constant. In the case of the water, a barotropic equation of state
is used [33,34], defined as:

Owater = Pwater,0 T PP, (7)

where puater,o is the initial reference water density; and ¢ =1/ % is an isothermal compress-
ibility factor, with c being the speed of sound in water.

For the closure of the RANS equations, the k-omega-SST turbulence model [35] for
compressible flow was adopted. For the capturing of the air-water interface, the volume-of-
fluid (VOF) technique [36] was used. The VOF technique is a free surface tracking method
that makes use of a phase-fraction function () which represents the fractional volume of a
cell that is filled with water (e.g., « = 1 water, « = 0 air and 0 < & < 1 for an interfacial cell).
Finally, the waves2Foam toolbox was used for wave generation [37]. It enables both the
generation and (passive) absorption of waves based on the relaxation method.

2.2.2. Scaling

Given that the numerical model replicates the wave flume of the USC (with dimensions
of 0.95 m high, 0.65 m wide and 20 m long) it is necessary to downscale the OWC designs
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in order to fit them in the numerical flume. Following previous works carried out in the
flume of the USC [28,38,39], a 1:25 scale ratio was adopted.

When dealing with free surface flows—as in the case of a wave energy converter—the
Froude number (ratio of inertia to gravity forces) in model and prototype must be main-
tained [40]. In addition, in the case of OWC devices, air compressibility effects inside the
chamber are significant. Therefore, the ratio of the inertia to air compression forces must
also be equal in model and prototype [41]. The best option for the simultaneous satisfaction
of both ratios of forces is to make use of a conveniently shaped air chamber that satisfies
the required scaling of the air chamber volume according to [42]:

Ve 1 15

Vp = E& e, (8)
where the subscripts m and p denote model and prototype, respectively; V is the air chamber
volume in the absence of waves; k is the polytropic exponent of the full-size turbine, for
which a value of k, = 1.2 is assumed [42]; § is the water density ratio (6 = p/pp); and ¢
is the scale ratio (in this case € = 1/25). For satisfying Equation (8) the air chamber was
connected to an air reservoir of appropriate volume [28,42]. Details of the calculation of
the air reservoir dimensions are presented in Appendix A.

2.2.3. Computational Domain

As aforementioned, the computational domain reproduced the wave flume of the
USC with the OWC model to be analyzed located at its end (Figure 3). In this case, a
bidimensional set-up was considered. Thus, wave crests are assumed to be parallel to the
OWC front wall. In order to implement the wave generation, an upstream relaxation zone of
length equal to one wavelength was implemented. The air reservoir necessary to correctly
consider the air compressibility effects was also reproduced in the numerical model.
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Figure 3. Sketch of the computational domain.

The computational domain was discretized by means of the meshing tools blockMesh
and snappyHexMesh available in the OpenFOAM package. First, a hexahedral base mesh
was created using blockMesh. Second, snappyHexMesh was used to adapt the mesh to the
OWC model surface by iteratively refining and morphing the base mesh. Four different
mesh regions can be differentiated (Figure 3): (i) propagation region; (ii) relaxation zone
region; (iii) transition region; and (iv) model-testing region.

The propagation region constitutes a meshing zone parametrized based on the wave
conditions, i.e., its discretization changes depending on the wave condition to be simulated.
It goes from x = 0 (end of the relaxation zone region) to the start of the transition region. In
this section, the mesh is uniform along the x-axis, ensuring 50 cells per wavelength [43], and
non-uniform along the z-axis, establishing a refined region in the vicinity of the air-water
interface [26,28] that ensures H/Az > 8 [44]. The relaxation zone and the transition regions
are, again, meshing zones parametrized based on the wave conditions. In the case of
the relaxation zone region, its length is equal to the wavelength (A) of each test [44,45].
Therefore, it goes from x = —A to x = 0. The same cell size settings used for the propagation
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region were maintained with the exception of a growth rate that increase the cell size
along the x-axis towards the left wall of the model, established to help in the dissipation of
reflected waves and to reduce the total number of cells. Regarding the transition region, its
length is equal to 30% of the wavelength. It goes from the end of the propagation region
to x = 10.30 m. The cell size settings in the transition region are the same of those in the
propagation region except for a decreasing cell size along the x-axis towards the cell size in
the next region. Finally, the model-testing region constitutes a non-parametrized meshing
zone. It goes from the end of the transition region to the rear end of the air reservoir.
Starting from a regular mesh of cell size 0.04 m, up to six refinement levels (minimum cell
size of 6.25 x 10~* m) were used to accommodate the shapes of the models. For illustration,
the computational mesh for one of the wave conditions tested is presented in Figure 4.

Figure 4. General view of the computational mesh (top) and detail of the testing-zone region (bottom)
for a wave condition with T = 1.2 s and H = 0.04 m (in model dimensions).

2.2.4. Testing Program

In total, 18 different OWC geometries were tested (Figure 5). The selected geometries
were based on OWC configurations analyzed in previous studies, reproduced at a 1:25
scale. As mentioned, the design and dimensioning of these geometries follow two main
criteria: (i) ease of integration into a coastal structure; and (ii) ease of construction. Model 1
represents a classic OWC design, intended for integration into the breakwater of the nearby
Port of A Guarda (NW Spain) [27,46]. Models 2 to 6 are based on the U-shaped OWC [8].
The geometrical variants analyzed for the U-shaped designs encompass the width of the
vertical duct, the submergence of the U-duct opening and the width of the chamber. Model
7 follows the stepped-bottom OWC design [9], and Model 8 combines the stepped and
L-shaped designs. Finally, Models 9 to 18 are L-shaped geometries [10,11]. In Model 10 the
effects on the capture width ratio of a vertical wall added to the design to prevent wave
transmission past the entrance of the OWC are analyzed. In Model 11 the influence of
the depth of the entrance to the chamber on the performance of the device is analyzed.
Through Models 12, 13 and 14 the influence on the capture width ratio of a sloping bed
in front of the model is analyzed. Model 15 evaluates the effects on the efficiency of an
L-shaped OWC of the height of the entrance to the chamber. Finally, Models 16, 17 and 18
enable the evaluation of the effects of the width (dimension orthogonal to the wave fronts)
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of the vertical duct and the depth of the entrance of the chamber on the performance of the
device. For each of the designs studied the length of the water column was adjusted, to the
extent possible, to achieve near-resonant conditions at the period of interest (T = 10 s).
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Figure 5. Geometries of the OWC designs studied in the numerical model (dimensions in model scale in [mm)]).

The eighteen models were tested under six different regular wave conditions resulting
from the combination of four wave periods T = 1.2, 1.6, 2.0 and 2.4 s (T = 6, 8, 10 and
12 s, in prototype dimensions) with a wave height of H = 0.04 m (H = 1 m, in prototype
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dimensions); plus two wave conditions with wave heights of H = 0.08 and 0.12 m and a
wave period of T =2.0s (H =2 and 3m and T = 10 s, in prototype dimensions). The tests
were carried out for a water depth of i = 0.42 m (h = 10.50 m, in prototype dimensions).
Consequently, the wavelengths that correspond with the four tested periods, in order from
smallest to largest, are A =1.96,2.89, 3.77 and 4.63 m (A =49.06,72.22,94.31 and 115.81 m, in
prototype dimensions). These wave conditions were selected based on the characterization
matrix presented in Section 2.1.

The influence of the turbine on the system, i.e., the turbine-induced damping, was
modelled by means of an orifice. As the numerical model is bidimensional, a rectangular
orifice (slot) was used [26,47]. The flowrate through the slot (provided that turbulent flow
is achieved) is proportional to the square-root of the pressure drop. For illustration, the data
points of pressure drop versus flow rate for a tested case are presented in Figure 6 together
with their corresponding fitted parabola of the form Ap/g* = const. It can be seen that there
is a good agreement. The slot emulates, therefore, the behavior of non-linear air turbines
such as the self-rectifying axial impulse or the biradial turbine, which present a quadratic
pressure-drop-versus-flowrate relation [48]. Furthermore, given that the damping provided
by these turbines is not significantly influenced by rotational speed changes [1], the slot
appropriately simulates the damping of the turbine at different operating conditions. In
this work, a slot of width ws = 1.93 mm was used, a value which provides a pressure-drop-
versus-flowrate relation that has shown good performance in previous works (e.g., [39]).
By maintaining the slot width constant, the turbine-induced damping does not vary, i.e., it
simulates the same the turbine for all the analyzed geometries. Note that better performance
figures could be achieved if the turbine-chamber coupling is optimized.

200
data
parabolic fit
1501 1
g
~100
aQ
<
501
0

0.01 0.015 0.02

q (m3s~'m™"

0 ~ 0.005

Figure 6. Pressure drop (Ap) vs. flow rate (g) data points and corresponding fitted parabola
(Ap/ qz = const) for a wave condition with T = 1.6 s and H = 0.04 m, tested in Model 1 (data in
model dimensions).

2.3. Numerical Model Validation

In order to validate the numerical model, the experimental data from Lopez et al. [46]
were used. Four wave conditions were considered: (a) H=0.04m, T =1.6s; (b) H=0.04 m,
T=20s;(c)H=0.04m,T=24s;and (d) H=0.08m, T =2.0s. The water depth was
set to 1 = 0.42 m. The damping of the turbine was emulated by means of a slot of width
ws = 2.50 mm. A comprehensive description of the OWC model and the experimental
set-up can be found in [46].

The time series of pressure drop between the interior of the chamber and the atmo-
sphere and the oscillations of the water column inside the chamber are compared for
both models, experimental and numerical, in Figure 7. For clarity, only the first 20 s of
simulation are presented. In general, the agreement between both time series is excellent.
The numerical model correctly reproduces the period and amplitude of the pressure drop
and free surface elevation inside the chamber.
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Figure 7. Pressure drop (left-hand panels) and free surface elevation (right-hand panels) time series for four different wave

conditions: (a) H=0.04m, T=1.6s;(b) H=0.04m,T=2.0s;(c) H=0.04m, T=24s;(d) H=0.08m, T =2.0s (O laboratory
experiment, —numerical model).

2.4. Data Analysis

The performance of the different OWC designs was characterized based on the capture-
width ratio which is defined as: P
p

C =
WR w. Py ’

©)

where P, is the pneumatic power; w, is the width of the OWC chamber (direction parallel
to the wave fronts); and Py, is the wave power per meter of wave front.

The pneumatic power is calculated as follows:

1

P
P Emax

tmax
/ ApQit (10)
0
where £,y is the time duration of each test; Ap is the pressure drop between the interior of
the OWC chamber and the atmosphere; and Q is the air flow rate through the orifice that

emulates the turbine. Both variables, flowrate and pressure drop, were directly measured
in the numerical model.

Finally, the wave power per meter of wave front is calculated as:

1
Py = g,ong%cg, (11)
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where py, is the water density; H; is the incident wave height; and Cy is the group velocity,

calculated as: . okh
o
5 =2% <1 + sinh(Zkh)) ' 12)

where ¢ and k are the wave angular frequency and the wave number, respectively, of the
incident wave; and & is the water depth. The angular frequency is calculated from the
dispersion relation as:

0% = gktanh(kh) . (13)

Furthermore, the response of the different OWC designs against the incident waves
was characterized based on the response amplitude operator (RAO). The heave RAO of the
water column oscillations is calculated as:

Hc

i

(14)
where Hc is the height of the water column oscillations. Additionally, the RAO of the
pneumatic pressure oscillations is calculated, in its dimensionless form [16], as:

APH

RAOp — ,
" pwgH;

(15)

where App is the height of the pressure oscillations.

3. Results and Discussion
3.1. Response Analysis

The response of the oscillations of the water column and the pneumatic pressure
oscillations inside the chamber (RAO¢ and RAOp, respectively) for the different OWC
designs is presented in Figure 8. Furthermore, the maximum values of each operator for the
different OWC geometries tested are summarized in Table 1. It can be seen that, in general,
there are great variations on both operators depending on the wave frequency, higher in
the case of the RAO( (it ranges from 0.29 to 3.43) than in the RAOp (it ranges from 0.05
to0 0.99). The exception is Model 1, which presents a RAO¢ nearly constant (around 2) for
all the wave periods studied. In this model, the peak of the RAOp is found for the lowest
period and its value is below 0.70, showing that Model 1 is not performing well under the
period of interest (T = 10 s). The best OWC design in terms of amplitude operators is the
L-shaped (Models 9 to 18), in particular, Models 11 to 18 stand out with values of the RAOp
over 0.70 for the period of interest. Among the different L-shaped geometries, Models 15,
17 and 18 are the best ones, with values of the RAOp for the period of interest of 0.97, 0.97
and 0.99, respectively. Interestingly, these models do not present the highest figures of the
RAOc¢, which, for the period of interest, are achieved by Models 14 and 15 (RAO¢ = 3.02
and 3.13, respectively), which is related to the wider chamber of Models 17 and 18. The
different behavior showed by the two operators emphasizes the importance of considering
both of them, although, as it can be verified in Table 1 by comparing with the values of the
capture-width ratio, the operator that best captures the OWC performance is the RAOp.

Although the U-shaped designs (Models 2 to 6) perform better than Model 1, they
do not offer response amplitudes comparable to those of the L-shaped geometries. They
are well tuned, with the maximum values of the RAOs achieved for the period of interest,
but the values of the RAOp are in all the cases below 0.70. The best U-shaped design in
terms of the RAOp is Model 6 and, again, as a model with a wider chamber, it does not
present high values of the RAOc when compared with the remaining U-shaped models.
The stepped-bottom version of the classic design (Model 7) improves the response of
Model 1 but only on the higher periods. In this model, the maximum value of the pressure
amplitude operator is RAOp = 0.62 and it is achieved for T = 8 s. Finally, the stepped version
of the L-shaped design (Model 8) follows similar trends than those of the original L-shaped
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designs, indicating that the presence of the step does not improve the performance of the
system in this case.
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Figure 8. Variation of the response amplitude operator of the oscillations of the water column inside the chamber (RAO()

and the pressure oscillations (RAOp) with respect to the wave period (T) for each one of the 18 OWC model designs analyzed

(H=1m).

Finally, the time series of pressure drop and free surface elevation within the chamber
are presented for Models 1, 6, 7 and 18, as representative of the four general shapes analyzed
in this work: classic, stepped-bottom, U-shaped and L-shaped, respectively (Figure 9). It
can be seen that the response amplitude operators adequately capture the response of the
different OWC designs to the incident waves.
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Table 1. Maximum values of (i) the response amplitude operator of the oscillations of the water col-
umn inside the chamber (RAO(), (ii) and the response amplitude operator of the pressure oscillations
(RAOp), and (iii) the capture width ratio (Cyypr), for the different OWC geometries tested (H = 1 m).

Model RAOc¢, max RAOp, yax CWR, max
1 2.07 0.63 0.597
2 2.39 0.57 0.357
3 2.54 0.58 0.295
4 2.49 0.58 0.294
5 2.53 0.60 0.310
6 2.22 0.64 0.356
7 2.45 0.62 0.429
8 2.87 0.82 0.479
9 2.59 0.55 0.254
10 3.36 0.78 0.450
11 3.23 0.74 0.444
12 3.17 0.74 0.454
13 3.16 0.74 0.453
14 3.26 0.78 0.490
15 3.43 0.97 0.667
16 2.39 0.82 0.494
17 2.50 0.97 0.695
18 2.52 0.99 0.716
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Figure 9. Pressure drop (left-hand panels) and free surface elevation (right-hand panels) time series scaled up to prototype
dimensions for the OWC designs 1, 6, 7 and 18, for a wave condition with H=1mand T =10s.
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3.2. Performance of the OWC Geometries

The values of the capture-width ratio for the different geometries tested are presented
in Figure 10 and its maximum values are summarized in Table 1. The classic OWC
design (Model 1) provides the highest value of the capture-width ratio (Cyg = 0.597) for
the smallest period of the four tested (T = 6 s). For T = 10 s the capture-width ratio is
comparatively lower (Cwr = 0.202). Interestingly, when the wave height increases, the
performance of Model 1 under T = 10 s increases too, up to Cyr = 0.252. This result,
albeit an exception among the different OWC models tested, is in line with the conclusions
achieved in [46] for the same OWC design. Given that, as presented in Section 2.1, the
bulk of the wave energy in the area of interest is provided by sea states with energy period
around 10 s, Model 1 can be disregarded due to its too low resonant period. Furthermore,
the classic OWC design constitutes a very rigid geometry, as there is little place for adapting
the resonant frequency of the OWC model to match that of the incident waves. In fact, the
only possibility to reduce the resonant frequency of the system (move it to higher periods)
is to increase the height of the water column by moving the entrance towards the sea
bottom; this solution is, however, limited by the water depth.
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Figure 10. Values of the capture-width ratio (Cyr) for the different OWC geometries tested.

The U-shaped OWC designs (Models 2-6) present lower maximum values of the
capture-width ratio (Cyr = 0.294-0.357) than the classic OWC design (Cyyr = 0.597). How-
ever, these maximum values of the capture-width ratio are achieved (with the exception of
Model 2) for periods closer to T = 10 s, so constituting a better design for being installed in
the study area. In addition, the U-shaped designs present a smoother performance when
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working out of the resonant period, in the sense that the variability in the values of the
capture-width ratio is lower than that of the classic design. Thus, for the U-shaped designs
the capture-width ratio varies for wave conditions with H = 1 m between Cyr = 0.179
and Cwpr = 0.357, whereas for the classic design it varies between Cyr = 0.597 and Cyr
= 0.130. Among the five U-shaped OWC geometries, the best one is Model 6, with a
capture-width ratio of Cyyg = 0.343 for T = 10 s, and values above Cyr = 0.284 for the
other periods analyzed. The main distinctive characteristic in this model from the other
U-shaped designs is a wider chamber.

Model 7 constitutes the stepped-bottom version of the classic OWC design. The
results showed that in comparison with the classic OWC design, the stepped-bottom
version increases the performance range of the device in the sense that the values of the
capture-width ratio are higher for the wave conditions with periods different from the
resonant one, but at the expense of reducing the maximum capture-width ratio. Thus, in
Model 7 the highest value of the capture-width ratio, achieved for T = 6 s, is Cyg = 0.429,
whereas in Model 1, also achieved for T = 6 s, it is Ciyr = 0.597. On the contrary, for T = 8§,
10 and 12 s the values of capture-width ratio for Model 7 are Cyg = 0.369, 0.278 and 0.198,
respectively, whereas for Model 1 they are Cyg = 0.350, 0.202 and 0.130, respectively. As
in the case of the classic design, the tuning of the resonant period in the stepped-bottom
design is not straightforward because the main resonance mechanism due to the natural
frequency of oscillation of the water column is, again, limited by the height of the water
column [9]. In an attempt to overcome this limitation, the stepped and L-shaped designs
were combined in Model 8. This solution, though, did not significantly improve the
performance of the L-shaped designs and showed low performance figures for the wave
conditions with higher wave heights.

The results from Models 9 to 18 correspond with the L-shaped designs. The two first
L-shaped geometries, Model 9 and 10, present a resonant period closer to T = 12 s than to
T =10 s. However, despite being slightly out of tune, these two models show that having a
vertical wall to avoid waves going beyond the entrance of the OWC significantly improves
the performance of an L-shaped device. For example, for T = 10 s the capture-width ratio
of Model 9 (Cyr = 0.154) is increased up to Cyyr = 0.382 when the vertical wall is located
just at the entrance of the device. Based on this result, all the remaining models were based
on the design of Model 10. Model 11 was designed to better match the resonant period of
interest (T = 10 s). It provides a maximum capture-width ratio of Cyyg = 0.444 for T =10 s.
In addition, the capture-width ratio presents higher figures in the whole range of the wave
conditions analyzed. Model 12 slightly improves the matching of the resonant period of the
chamber with the period of interest by increasing the depth of the entrance and reducing
the length of the horizontal section of the chamber. It provides a maximum capture-width
ratio of Cyyr = 0.454 for T = 10 s. Nevertheless, for T = 12 s and especially for H = 2 and
3 m, the performance of Model 12 is lower than that of Model 11. This situation is related
with the deeper entrance, as it will be shown below.

The influence of a sloping bed was analyzed in Models 12, 13 and 14. Whereas
the presence of a traditional bedding layer (in the same way as in the case of a vertical
breakwater), as that in Model 12, virtually does not affect the performance of the device
when comparing with a device without sloping bed as in the case of Model 13 (capture-
width ratio for T = 10 s of Cyg = 0.454 and 0.453, respectively), an oversized bedding layer
as the presented in Model 14 slightly improves its performance (Cyyr = 0.490 for T = 10 s).
In any case, the improvement is not significant and implies a cost overrun that could not
justify its use. In Model 15, the influence of the height of the entrance of the chamber is
analyzed. The improvements in this case are substantial. Thus, when comparing Model 15
with Model 14, the values of the capture-width ratio increase for all the wave conditions
tested, with a considerable improvement (above 35%) for the wave conditions with T=10's
and H = 1 m. The disadvantage in this design is that, for maintaining the matching between
the natural period of the chamber and the period of interest, the length of the horizontal
section has to be increased up to 20.65 m (82.6 cm in model dimensions).
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The more feasible solutions for reducing the length of the horizontal section of the
chamber while maintaining its natural period close to 10 s are: (i) to increase the width
(dimension orthogonal to the wave fronts) of the vertical duct of the chamber; and (ii) to
increase the depth of the entrance of the chamber. These two modifications are analyzed
through Models 16, 17 and 18. Model 16 is equivalent to Model 13, but with a wider vertical
duct. It can be seen that the differences between the values of the capture-width ratio of
both models are small or, as in the case of a wave condition with T =12sand H =1m,
positive for the model with the wider vertical duct. Similarly, Model 18 is equivalent
to Model 15, but with a wider vertical duct. Again, although the maximum value of
the capture-width ratio in Model 18 (Cyg = 0.716) is similar to that of the thinner-duct
model, there is a significant increase in the values of the capture-width ratio for the wave
conditions with T = 8 s and T = 12 s. Finally, the influence of the submergence of the
entrance of the chamber (the distance from the water free surface to the device entrance)
was studied through Model 17, that is equivalent to Model 18, but with a deeper horizontal
duct. For all the wave conditions studied, the shallower duct captures more energy than
the deeper one.

4. Conclusions

In this work, different OWC wave energy converter designs were analyzed for deter-
mining the best performing geometry when operating under a given wave climate at a
given location. Four general designs of OWC were analyzed: classic, stepped-bottom, U-
shaped and L-shaped, and considering for each of them a number of geometrical variants.
To this end, a numerical model based on the Navier-Stokes equations for two compressible
fluids was implemented with a volume-of-fluid interface-capturing approach and the
waves2Foam toolbox for wave generation. The work was illustrated through a case study
in the surroundings of the Port of Vigo (NW Spain).

It was found that the classic and stepped-bottom designs constitute rigid geometries,
in the sense that there is little room for adjusting their natural period of oscillation to
the desired one—the only adjustment possibility is to lower or raise the entrance of the
chamber to modify the length of the water column. Whereas the classic OWC design
suffers from a narrow period performance range, the stepped-bottom design, thanks to
its multiple resonance mechanisms, presents high values of the capture-width ratio for
a wide range of periods. On the other hand, the U-shaped and L-shaped designs are
easy to tune thanks to the particular configuration of the chamber that enables significant
adjustments in the length of the water column to be made. Overall, the best OWC design
is the L-shaped, which improves the performance of the other configurations (classic, U-
shaped and stepped-bottom) for two reasons: (i) its performance and response amplitude
operators (RAO¢ and RAOp) within the range of periods of interest are the highest of all
the configurations analyzed; and (ii) its natural period of oscillation matches—or, rather,
can be tuned to match—that providing the bulk of energy at the location of interest.

Regarding the geometric modifications that can be made for improving the perfor-
mance of an L-shaped design the following conclusions can be drawn. First, a wider
vertical section of the chamber (in the dimension orthogonal to the wave fronts) improves
the performance of the device by increasing the values of the capture-width ratio mainly for
periods different from the natural period of oscillation of the chamber. Second, the greater
the height of the horizontal duct of the chamber (the entrance), the higher the captured
energy. Third, a shallower entrance is positive from the efficiency point of view.

In conclusion, of the different OWC designs suitable for a structure-integrated device,
the L-shaped geometry is shown to provide the best performance and allow greater flexi-
bility to be tuned for resonance at the desired period. Further research involving irregular
wave conditions and different values of the turbine-induced damping will be conducted in
future works.

Author Contributions: I.L.: conceptualization, methodology, formal analysis, investigation, writing—
original draft, visualization. R.C.: conceptualization, writing—review and editing, supervision,



Energies 2021, 14, 1707

16 of 18

References

project administration. D.M.F.: investigation, writing—review and editing. G.I.: writing—review and
editing, supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the PORTOS project—Ports Towards Energy Self-Sufficiency—
reference number EAPA_784/2018, co-financed by the Interreg Atlantic Area Program through the
European Regional Development Fund and ‘Axudas para a consolidacion e estruturacion de unidades
de investigacion competitivas nas universidades do Sistema Universitario Galego (2020-22)" with
reference number ED341B 2020/25. During this work I. Lépez was supported by a postdoctoral
grant of the ‘Programa de Axudas 4 etapa posdoutoral da Xunta de Galicia” with reference number
ED481D 2019/019.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Appendix A

The calculation of the dimensions of the air reservoir for each chamber was made as
follows. Given a prototype air chamber of volume V), = Ax, x Ay, X Az,, the volume of
the chamber at model scale considering perfect geometrical similarity is obtained as:

where ¢ is the scale ratio. However, for correctly representing the spring-like effect of air
compressibility, the volume of the chamber at model scale must be:

Vi = Vpkl§_1£2 , (A2)
r

where kj, is the polytropic exponent of the full-size turbine; and ¢ is the ratio between the
model and prototype water densities (6 = pn/pp). Thus, the extra volume needed can be
calculated as:

Ve = Vi — Vi - (A3)

Given that the numerical model is 2D, the volume of the air reservoir per meter width
of converter is obtained as:

Viap Vi=V, (A4)

C Aype
where V. is the volume of the connection between chamber and reservoir in the numerical
model; and Ayj is the width of the prototype air chamber (in the direction perpendicular
to wave propagation). Finally, the length (Ax;) and height (Az,) of the air reservoir can be
easily estimated to fulfill V,,p = Ax, X Az,.

Following this procedure, the width of the air reservoir varies linearly with the width
of the chamber, enabling 2D modelling.
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