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Abstract: This research conducts a numerical study of a wave energy converter (WEC) device with
five coupled hydropneumatic chambers, operating based on the principle of an oscillating water
column (OWC). A turbine was not included, only considering the tube without it. The computational
domain was defined by a wave channel housing an OWC device subjected to regular incident
waves. The central objective was to assess the impact of chamber geometry on maximizing the total
hydropneumatic power in energy conversion. The numerical simulations consider the pressure,
mass flow rate, and total hydropneumatic power, with the latter being the performance indicator.
To determine the geometries to be analyzed, the Constructal Design method was employed in
conjunction with the exhaustive search optimization method to maximize the performance indicator.
The degrees of freedom defined were the ratios between the height (H;;) and the length (L;) of the
hydropneumatic chambers (H; /L;, where n varies from one to five). Based on the results of the
mass flow rate and pressure, their influence on power was evaluated. It was observed that the
influence of the degrees of freedom on the pressure difference, mass flow rate, and hydrodynamic
power was quite similar, displaying an increase for low ratios of H;; /L, up to a maximum magnitude
and followed by a decrease in magnitude. The best performance was achieved for the geometric
configuration with Hy, /L, = 0.2613 (H;, = 5.0625 m and L,, = 15.8219 m), representing an improvement
of 98.6% compared to the worst case analyzed.

Keywords: constructal design; oscillating water column (OWC); wave energy

1. Introduction

The ocean presents itself as a significant concentration of renewable energy. According
to the International Energy Agency (IEA), ocean energy can currently be exploited using
five different technologies: (i) high and low tides, (ii) marine/ocean currents, (iii) waves,
(iv) temperature gradients, and (v) salinity gradients [1].

Wave energy is a renewable, inexhaustible source and a native resource; the success of
wave energy converter (WEC) installations is directly linked to research and development
in this field, as well as to the study of implications for the marine ecosystem [2,3]. WECs
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can be categorized in various ways, including by their installation location, size, wave
direction characteristics, and operating principle [4].

One of the standout WEC devices is the oscillating water column (OWC). Its operating
principle consists of a hollow chamber partially submerged in which the action of external
waves excites the oscillation of the internal water column. This oscillating water column
pressurizes the air in the top part of the chamber, inducing airflow through a duct that
drives bidirectional airflow over the turbine [5].

With the characteristic of reducing the cross-sectional area, as the fluid (air) passes
from the hydropneumatic chamber to the turbine duct, the air velocity increases, and,
consequently, the energy conversion also increases [6]. An important feature is that such
devices have no direct contact of the turbine and generator with water, increasing their
durability [7].

Projects involving the study of OWCs can be categorized into two aspects: numerical
and experimental. The choice of these methodologies depends on the researcher’s approach
to the work, but some OWC-WEC studies use one of the mentioned methodologies or even
both in the same investigation. Additionally, some studies employ the Constructal Design
method for the geometric evaluation of devices, focusing on examining the geometry of
hydropneumatic chambers.

The classification of OWC devices is also an important factor for the delineation of
research conducted; one possibility for classification concerns the depth at which they are
installed. Work concentration in the area of an OWC is limited to devices on the coast or
nearby, even with wave energy loss due to the shallower water depth. However, the study
of offshore devices is of interest as they exhibit higher power per wave front meter due to
the greater depth of the device compared to the seabed [4].

State of the Art

For a better understanding of the reader, the state of the art has been divided into
(i) experimental works; (ii) numerical works without the use of the Constructal Design
method; and (iii) numerical works with the use of the Constructal Design method. The
presentation of the research, the summary of it, and the contribution to the present work
will be given in the same order as already mentioned.

Experimental works are the basis for numerical works; one can cite the research devel-
oped by Ning et al. [8], who conducted an experimental investigation on the hydrodynamic
performance of an onshore OWC device equipped with two hydropneumatic chambers.
Their objective was to evaluate both the overall performance and the individual perfor-
mance of the two sub-chambers in the system. The study revealed that both the maximum
efficiency and the wave frequency range improve wave energy absorption in an OWC
system with dual chambers compared to a standard single-chamber OWC device. This
work is relevant because it presents an experimental application of a project very similar to
what was studied in the research developed in this article.

The study of multiple coupled chambers experimentally serves as a starting point
for numerical studies, as it is possible to numerically evaluate points that are not as well
understood with experimental studies. Kim et al. [9] conducted a study on an OWC device
with multiple experimental chambers, focusing on its hydrodynamic performance and
energy conversion properties. They analyzed devices with single, triple, and asymmetric
triple chambers in a wave tank. The results revealed that the triple-chamber OWC led
to enhanced hydropneumatic energy conversion compared to the single-chamber OWC,
which was mainly attributed to the reduction in the internal fluid motion, leading to the
study of devices with more coupled chambers and the influence of adding chambers to
OWC devices.

For the execution of numerical works, it is necessary to validate and verify the nu-
merical model to be used. Thus, the work of Maciel et al. [10] presented a numerical
investigation of an OWC device, during which they verified and validated a methodology
for numerically generating waves using transient discrete data as a prescribed velocity
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boundary condition. Although there was a small discrepancy in the results obtained when
using discrete data as a velocity boundary condition, they generally aligned with the results
of laboratory experiments.

A numerical study of devices with two coupled chambers was developed by
Yu et al. [11], who presented a work investigating the hydrodynamic performance and
efficiency of an OWC device with two coupled hydropneumatic chambers under different
combinations of damping and width. The results indicate that an OWC with variable
opening ratios is more efficient and offers benefits by adjusting to floating wave condi-
tions compared to an OWC composed of two chambers with identical orifice dimensions.
This work does not yet present the possibility of multiple coupled chambers but defines
parameters to assist future work in the area.

Studies on the design of chambers have been developing possibilities for better energy
conversion. The research on coupled chambers by Li et al. [12] introduced a new design for
OWC devices. The proposed device includes a floating body and two extended vertical
tubes open at the bottom, creating dual chambers at the top. The findings of the study
indicate that increasing the draft, which has a positive correlation with the total mass of the
CEO model, improves the ideal response period. Furthermore, it was observed that the
CEO model with a flat bottom demonstrates superior energy capture performance. This
work, together with others, led to the possibility of thinking about OWC devices with more
coupled chambers and how their geometry influences the converted power.

Additionally, the use of Constructal Design for the evaluation of the geometric con-
figurations of CEO devices, particularly in the case of OWC devices, has been steadily
increasing. Constructal Design is based on the Constructal Law, which initially served as a
design tool to improve the performance of engineering systems or represent a natural phe-
nomenon. Consequently, the Constructal Law deals with the transformations experienced
by any flow system [13]. The geometry of the structures needs to be altered to maximize
usage while minimizing energy consumption [14].

Focusing on the application of Constructal Design to OWC CEQ, the following studies
employed the exhaustive search optimization method to evaluate all suggested geometric
configurations and determine the one that provides superior performance. Additionally, a
two-dimensional approach was employed using the finite volume method (FVM) and the
volume of fluid (VOF) technique to address water—air interactions in multiphase problems
with regular waves as a computational model.

A study of coupled chambers was conducted by Lima et al. [15]. In this work, an OWC
device with four coupled chambers was presented, with its degree of freedom being the
H, /L, ratio (the ratio of the height to length of coupled hydropneumatic chambers). The
results show that there is a maximum hydropneumatic power, with this value used as a
reference for the analyzed configuration and geometric arrangement. This work, together
with others, opened up space for the discussion of adding coupled chambers and device
design and their influence on hydropneumatic power gain.

The study of OWC devices’ inlets proves to be important, along with the study of
their geometry, forming a set of theoretical references for the formulation of future works.
Letzow et al. [16] numerically investigated the influence of geometry on a full-scale OWC
device with a seabed ramp. The study involved three degrees of freedom, and the globally
optimized geometry resulted in twice the maximized available power, 37.3% greater than
in the best case without the seabed ramp below the chamber and 7 times better than in the
worst case.

Finally, Lima et al. [17] conducted a study to assess the increase in coupled cham-
bers and their influence on the accumulated hydropneumatic power. In total, devices
containing from one to five coupled chambers were evaluated, and it was observed
that devices with five coupled chambers exhibit higher accumulated power values than
others, even with a decrease in hydropneumatic power in chambers farther from the
initial wave structure interaction.
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Therefore, the present work is conducted numerically and aims to specifically analyze
the geometric variation of an offshore OWC device with five coupled chambers, detailing
each parameter and its variations with different geometric configurations. It is a specific
analysis of this configuration, differentiating itself from previous works.

Constructal Design [18] is used through the investigation of chamber shapes, where
they are varied by changing the degree of freedom H, /L, (the ratio between the height
and length of coupled hydropneumatic chambers), where n varies depending on the
number of chambers, in this case, n = 1, ..., 5. Due to its numerical nature, certain
simplifications are taken into account, including a two-dimensional, transient, and
incompressible multiphase flow.

Numerical solutions are employed to solve the equations of mass and momentum
conservation and an equation governing the transport of the volumetric fraction of water.
These calculations are performed using the finite volume method (FVM) [19,20], and the
interaction between water and air is addressed using the volume of fluid (VOF) model [21,22].

The studies conducted in this research are original and complement the research
developed in [17], presenting an analysis of the influence of coupling five hydropneumatic
chambers in an OWC device and how this coupling affects the available power in the
system, thereby contributing to the state of the art.

2. Mathematical Modeling

Ocean waves are generated by the action of the wind or disturbances on its surface,
in addition to landslides, earthquakes, and the gravitational attraction of the sun and
moon [23]. Different parameters can define the characteristics of a regular wave. These
characteristics can be seen in [17,24].

For the accurate representation of waves in computational works, the choice of the
appropriate wave theory is crucial. A resource commonly employed is presented by Dean
and Dalrymple [24], who provide a diagram based on the parameters i (depth), H (wave
height), and T (period). Through these parameters, it is possible to determine dimensionless
quantities that, when applied in the proposed diagram, allow one to verify that the study
fits within the characteristics of regular waves of the Stokes Second Order type.

The free surface elevation (1) represents the free surface’s position relative to the
MWL [24], and it is defined as follows:

AZk cosh(kh)

) =A kx — wt) +
S cos{fx = wi) 4sinh® (ki)

[2 + cosh(2kh)] cos 2(kx — wt) (1)

The parameters present in Equation (1) are as follows: A is the wave amplitude (m), x
is the coordinate representing the main direction (m), ¢ is the time (s), w is the frequency
(rad/s), k is the wave number (m~1), and & is the depth (m).

2.1. Description of Wave Characterization

The work developed was performed numerically but using real-scale relationships.
Figure 1 presents the two-dimensional schematic model of the numerical wave channel
with only one chamber, simplifying the model studied in the investigation. Its dimensions
depend directly on the characteristics of the waves adopted in the proposed problem, which
are considered on a real scale.

Care must be taken so that the water in the wave channel does not occupy space
outside the computational domain. To achieve this, one needs to consider both the water
depth (1) and wave height (H). As per the research conducted by Gomes et al. [25], it is
feasible to establish a minimum wave channel height described by the expression i + 3H.

All dimensions of the wave channel can be seen in Table 1. The values for the
chosen wave climate were based on the conditions presented by Pianca et al. [26] and
Espindola et al. [27] in their works. Along the southern coast of Brazil, the wave height
and period vary throughout the seasons within the range of 1.0m < H < 3.0 m and
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5.0s < T <12.0 s at offshore positions. Other studies also utilize this same sea state, as
seen in the works conducted by Gomes et al. [25,28] and Letzow et al. [16].
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Figure 1. Visualization of the 2D computational model comprising the wave channel and the OWC
device. (Adapted from Lima et al. [17]).

Table 1. Characteristics of the wave and wave channel.

Characteristics Values
Wave period (T) 75s
Wave length (1) 65.4m
Wave height (H) 1m

Depth (1) 10 m
Tank length (Lt) 327 m
Tank height (Hr) 14 m

The depth of wave propagation equals that of the wave channel. When determining
the channel’s length, it is essential to take the wave length into account. These dimensions
are recommended and presented by Lima et al. [17].

Additional features are required to delineate the two-dimensional geometry of the
OWC device, encompassing the heights of the hydropneumatic chambers (H;), the submer-
sion depth of the device (Hgept,), the elevations of the turbine ducts (H)), the lengths of the
ducts (I;), the lengths of the chambers (L;), and the thicknesses of the columns dividing the
devices (e,). Here, the variable n ranges from one to five, while j ranges from 7 to 11.

2.2. Formulation of Pressure and Mass Flow Rate Using the RMS Methodology

The specific objective of this investigation is to assess the influence of geometric
variation on the maximization of hydropneumatic power in multi-chamber OWC devices.
Since the performance indicator depends directly on the pressure and mass flow rate, the
study of changes in these two quantities is also observed throughout the obtained results.
The RMS (root mean square) methodology was used to obtain average values.

The water-free surface elevation is monitored using the following integral [29]:

n
/“wuterdA = Z “t|At‘ ()
t=1



Fluids 2024, 9, 86

6 of 20

where aygrer is the amount of water in each volume, and A; is the area of each volume (m?).
The monitoring of the mass flow rate at the center of each turbine duct is conducted through
the following integral [29]:

[ (ar3)ia = ¥ (oue) (30)(40) ®

t=1

where represents the velocity in the z direction (m/s); p,, is the density of the air (kg/ md).
The mean values were calculated using the arithmetic mean for transient RMS prob-

lems [17]:
1 E 4
T 4)

where 7 represents the quantity to be calculated on the average RMS. For further details on
Equations (2)—(4), it is recommended to consult Marjani et al. [30].
The available hydropneumatic power is calculated according to [31]:

- 2 .
Pair U air m
Puag = | Py _ | — 5
hyd ( air + ) ) Dair ®)

where P,;, is the static pressure in the turbine duct of the OWC device (Pa), m is the mass
flow rate through the turbine duct (kg/s), and v,;, is the velocity of the air in the turbine
duct (m/s); the other parameters can be found in Gomes et al. [28] and Lima et al. [32].

2.3. Constructal Design Applied to OWC-WEC

The attainment of geometries for OWC devices that optimize wave energy extraction
is achieved through the use of Constructal Design, a method employed to apply the
Constructal Law. In accordance with the Constructal Design method [18], the constraints of
the problem include the volume of hydropneumatic chambers (Vg,), total volumes (V1;,),
and device column thicknesses (e,), where n ranges from one to five, representing the
number of interconnected chambers.

VEn = (Hn)(Ln)(W) (6)

Vr, = Vg, + (Hj) () (W) (7)

Some geometric recommendations follow what was presented by Lima et al. [15],
such as the thickness (e;) of 0.1 m. Since it is a problem in which all hydropneumatic
chambers exhibit geometric similarity, it is possible to generalize their formulation; the
sub-indices follow the definition already presented in this text. The dimension W in
Equations (6) and (7) is kept constant and equal to 1 m because it is a two-dimensional
computational model.

The analyzed degrees of freedom in this work are the ratios between the height and
width of the hydropneumatic chambers (H;,/L;). Using Equations (6) and (7), it is possible
to determine the equations that define the lengths (L,) and the heights (H},) of the problem:

Ve 17
b= ) ?
=112 ©)

[V, = Ve, 17"
=] (10
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Hj
Hi=1, <z> (11)

To determine the initial values of the inlet volume and total volume, the following
recommendations are followed: Vg, represents 70% of Vr,, using values of Vr, = 93.4 m3
and Vg, = 65.4 m3. These values for the entrance and total volumes are presented by
Gomes et al. [28], who studied the geometric recommendations of OWC devices by
means of Constructal Design.

The use of the Constructal Design method in the present work lies in determining
geometric constraints, enabling the derivation of dimensionless formulations of the degrees
of freedom so that a numerical method can be applied. It was also utilized to perform the
analysis of the variation in selected geometries. The numerical methods used in the present
work are presented in the following section.

For a better understanding of the execution steps of the Constructal Design method,
Figure 2 presents the detailed scheme. Figure 3 illustrates all the cases studied with the
analyzed degrees of freedom and the values used. All analyzed geometries are presented
in Tables A1-A3 in Appendix A.

CONSTRUCTAL DESIGN METHOD

s N a
. i W
Define precisely the system to be studied Coup lefl owce
devices
N J N
] v
N
Identify what is flowing Air and Water
\ VAN J
' ¥
e ™ i
Identify the constants that limit the freedom of the system V- =V +H AW (V. = H. LW
(areas or volumes) In En J'n En n=n
\ J N
¥ ¥
e N
Identify degrees of freedom so that the system can change its HI’I /Ln
geometry
\ 2 N
¥ ("Problem Equati
T g : \ t
Mathematical / Numerical Modeling to calculate the A
performance indicator Bidaitiaty Cobdiflors
Numerical Method
' _/ \ Bidimensional
Ve
Identify the performance indicator PV 2\ 0
(what does it mean to facilitate access to your chains) P ,=|P +—=—= | —
)\ 2 Par
¥ ‘
. L - h Calculate the total hydropneumatic
Calculate the maximum or minimum performance indicator .
s - : power in each case study and analyze
and geometries which allow the achievement of the best ;
= S the length (Z,)) and height (H,,)
\_ P ) \_geometries of the coupled chambers.
Optimization
y

Choice of an optimization method to find the best

Exhaustive search for variations

performance and evaluate the effect of geometry over flow in the ratio H,/L,

system performauce

Figure 2. Execution steps of the Constructal Design method.
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Hn/Ln
n=1,.,6
Hn/Ln) = 0.0153
Hn/Ln) = 0.0229 |
Hn/Ln) = 0.0344 |

=

_

T—75 |\ (Hn/Ln) = 0.0516 |
i=654m | (Hn/Ln) = 0.0774
H=1m \(Hn/Ln) = 0.1161
e,=0.1m |
e =3 |\ (Hn/Ln) = 0.1742

|\ (Hn/Ln) = 0.2613
|\ (Hn/Ln) = 0.3919
| (Hn/Ln) = 0.5878
| (Hn/Ln) = 0.8817
|

!
Figure 3. Representation of the analyzed cases and the value used for the degrees of freedom.

3. Computational Modeling

This study presents a two-dimensional computational domain with an OWC device
comprising five chambers. There is no reduction or addition of chambers, and the device is
inserted into a wave channel. This configuration enables the numerical simulation of the
structure’s interaction with waves generated numerically, thereby replicating real-scale sea
conditions. The volume of the hydropneumatic chambers was kept constant in all cases
analyzed in the numerical simulations.

For the numerical solution of the conservation equations for mass, momentum, and
volumetric fraction, the FVM was used [33,34]. The numerical simulation of the analyzed
cases was carried out using the CFD Fluent™ 14th edition commercial package. The
numerical parameters adopted in the ANSYS Fluent 14th edition commercial software are
presented in Table 2 [34].

Table 2. Methods adopted in numerical simulations.

Formulation Adopted Parameters

Transient
First Order Implicit Formulation
Based on Pressure
Non-Iterative Advance

VOF Model Explicit Formulation

Pressure—Velocity Coupling Method: PISO
. Geometric Fraction Discretization Scheme: Geo-Reconstruct
Solution Control Pressure Discretization Method: PRESTO!
Formulation of Momentum: First Order Implicit

Solution in Time

3.1. The Multiphase Model

As the present study involves numerical analysis, the research methodology relied
on Computational Fluid Dynamics (CFD). This approach deals differentially with the
conservation equations of mass and momentum, employing a system of algebraic equations
that can be computationally solved [33,34].
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This research presents a study involving two fluids, water and air, characterizing a
multiphase problem, in which the recommended numerical modeling is called volume
of fluid (VOF), which performs surface tracking. In the proposed problem involving two
fluids, it is essential to introduce the concept of volume fraction («) to represent the phases
within each control volume. Here, « is a continuous variable both in space and time,
signifying the presence of fluid within the control volume [35].

Therefore, Fox et al. [36] present the model formulation, which includes the equation
for the conservation of mass in two phases.

% + v(ﬁ) -0 (12)

the volume fraction equation is given by

0
2 (a) + v(ﬁ) —0 (13)
ot

and the momentum equation for the water—air mixture is solved in the computational

domain and given by
a%(p?) +V(37) = ~Vp+ V(D) +pg (14)

where p is the density of the fluid (kg/m3), t is the time (s), v is the flow velocity
vector (m/s), p is the static pressure (Pa), y is the viscosity (kg/m-s), T is the tension
tensor, and (g—; is the acceleration of gravity (m/s?).

The VOF method does not explicitly calculate the position of the free surface be-
tween fluids. Consequently, it becomes essential to discretize the volume fraction within
the interface region between the two fluids. Hence, cells with awater ranging from 0 to
1 encompass the interface between water and air («,ir = 1 — awater)- Cells with ayater =0
are entirely filled with air («,; = 1), while, conversely, those with «,;, = 0 are entirely
filled with water.

The physical properties of the region between the two fluids are determined as
weighted averages using the volumetric fraction. Consequently, density and viscosity
are expressed as detailed in [37]. The properties of the fluids involved in this work can be
found in [38]:

0 = QuwaterPwater T XairLair (15)

U = Qwater Hwater + XgirMair (16)

For the numerical solution of the mass (Equation (12)) and momentum conservation
(Equation (14)) equations, a commercial code based on the FVM was used. The primary
advantage of this method is that spatial discretization occurs directly in physical space,
eliminating issues associated with coordinate system transformations, as observed in the
finite difference method (FDM) [39].

Thus, the VOF methodology made it possible to obtain results for the power indicator
of the proposed problem regarding the presence of the two fluids, which is different from
what other authors have presented, as they only analyze either the water phase or the air
phase; Table 3 presents a scheme of the multiphase method used in the present work.

Table 3. Scheme of the multiphase model.

Formulation Adopted Parameters

Fluids: air and water
Volume Fraction Formulation («)
finite volume method (FVM) Mass and Momentum Conservation

volume of fluid (VOF)
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3.2. Numerical Wave Generation and Boundary Conditions

The numerical wave employed in this study was generated using the methodology
available in the Fluent 14th edition software. The chosen wave theory (for this investigation,
it was Second Order Stokes) and parameters such as height and wave length were specified
through the VOF methodology, defined as the open channel wave boundary condition [39].
The numerical wave generator was situated to the left of the wave tank, as highlighted in
blue in Figure 1.

It is necessary to divide the prescribed velocity into horizontal and vertical compo-
nents, respectively, described as a boundary condition [40]:

cos2(kx —wt) (17)

H  cosh(kz + kh) 3 <H) 2 cosh2k(h+ z)
5 ) Wk

u = Eng COS(kx — (Ut) + 1 Slnh4(kh)

_ H  sinh(kz+kh) . 3(H\? sinh2k(h+z) .
w = Egkmsm(kx wt)+4<2) kang(kx wt) (18)

The other boundary conditions present in the problem can be observed in Figure 1. The
initial condition of the problem considers a fluid at rest (flat condition), with depth & = 10 m
and t = 0 s in the free surface elevation equation (Equation (1)). To reduce the effects of
wave reflection and thus maintain results closer to real sea conditions, a numerical beach
region was inserted into the channel, and a sink term (S) was added to the momentum
conservation equation, recommended by [28,39,41], as follows:

_ _ 2
S=— ClpV+;C2p|V|V} (1— £ ) <x xs) (19)

Zb*zfs x€7xS

where C; and C; are the linear and quadratic damping coefficients, respectively, the term
p (kg/ m?3) refers to density, v (m/s) is the velocity, z (m) is the vertical position, zg (m)
and z;, (m) are the vertical positions of the top and the bottom, x (m) is the horizontal
position, and x; (m) and x, (m) are the horizontal positions of the beginning and finish of
the numerical beach. More details about the studies related to the linear and quadratic
terms in the equations can be found in [29,42].

3.3. Mesh Study

The computational domain was discretized using rectangular volumes with the finite
volume technique. All numerical meshes generated in this research used the stretched
methodology, developed by Mavripilis [43] and employed in other works by researchers
such as Gomes et al. [28], Letzow et al. [16], and Lima et al. [17]. Mesh quality tests were
also conducted by the researchers and can be consulted in their works, as well as in Table 4,
with the mesh quality test referring to the current study, and with case 2 being chosen.

Table 4. Results of the mesh quality study.

Cases N° of Volumes Mean Error [%] Simulation Time [h]
1 2,487,276 1.85 70
2 1,877,436 1.94 52
3 1,167,166 2.10 32
4 1,093,356 2.48 27
5 766,656 1.76 18

The stretched methodology consists of defining regions that are more refined than
others. These regions are defined by the interest of the investigation, which in the present
work is the free surface region and the interiors of the hydropneumatic chambers. Figure 4
presents the bidimensional computational mesh of the studied problem and its divisions.
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Detail of the mesh inside
the hydropneumatic
chamber (refined mesh)

Figure 4. Numerical bidimensional mesh of the computational domain.

To streamline the modeling of the computational domain, it was partitioned into
three regions with distinct subdivisions (refer to Figure 4): for wave verification before
the device, Region A was further divided into three sub-regions (A1, A2, and A3) with
varying refinements, in accordance with the stretched methodology. Region A2 underwent
a more intricate refinement due to its involvement with the free water surface, entailing
40 volumes in the vertical direction and 120 volumes horizontally. Conversely, for Regions
Al and A3, where the extracted values did not directly impact the performance indicator,
30 and 110 volumes in the vertical direction, respectively, were utilized, following the
recommendations of Barreiro [44].

In the internal regions of the hydropneumatic chambers, detailed in Figure 4, greater
refinement of the mesh can be observed to ensure greater precision of the results, following
the recommendation of mesh construction according to the stretching methodology. The re-
gion after the OWC devices has 200 horizontal volumes and the same vertical discretization
as Region A.

Due to the computational domain employed in this research and following theoretical
recommendations, spatial discretization was built with squares of 0.1 m per side, totaling
620 horizontal control volumes for the more refined region, while squares of 1 m were
used for the regions outside the devices. This choice was based on the recommendations
presented by Gomes et al. [28].

3.4. Evaluation of the Numerical Model

The evaluation of the numerical model used in works in this line of research was nec-
essary for verification and validation, that is, to observe if the model used is in accordance
with the theoretical equations and experimental results already performed. One way to
analyze wave energy problems is to compare the transient elevation of the numerical free
surface with the respective analytical solution presented in Equation (1), maintaining the
same position. This procedure is called verification.

Figure 5 compares these results in a two-dimensional wave channel without the OWC
device. The measuring probes were placed at position x = 98.1 m. The total simulation time
was 225 s. Thus, the mean difference between the numerical and analytical results was
1.39%, with a maximum value of 3.54%. The accuracy of the result makes the chosen model
suitable for simulating the OWC device.
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Figure 5. Comparison of the free water surface elevation for numerical and experimental results:
(A) all simulation times; (B) detail of 100 s < t < 150 s.

Validation of the numerical model was also necessary. Figure 6 presents it, where the
comparison of the present work with the experimental results obtained by Liu et al. [45]
can be observed. The validation construction was based on the work developed by
Letzow et al. [16] and Gomes et al. [25].
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Figure 6. Comparison among the results obtained in the present study and those presented by
Liu et al. [45] for different wave periods.

The obtained results do not show total convergence with the results of Liu et al. [45],
but they do exhibit similar trends for the numerical and experimental results. The difference
can be explained by the resonance effects between the waves and the chambers.

Despite the difference between the results, it is also possible to observe that as the
period (T) of the waves increases, the relative pressure also increases, following the same
trend as the experimental results. One point to consider is that the mathematical and
numerical model used considers the flow in a laminar and incompressible regime, these
being some of the simplifications adopted in the construction of the simulation.

Thus, with the observations made, it is possible to understand the close trend of the
numerical and experimental results when compared. The computational model used in the
present work can be considered validated, since its verification and validation results have
been presented and are consistent with the literature.
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4. Results and Discussion

The presented results take into account the formulation of hydropneumatic power as
already outlined in Equation (5), which considers pressure and mass flow formulations. In
total, eleven geometric configurations proposed by the Constructal Design method were
analyzed; this choice was assisted by the exhaustive search optimization method.

In addition to determining the optimal geometry, it was also possible to assess how
the degree of freedom influences the behavior of the performance indicator and parameters
such as the mass flow rate and pressure drop in the devices, allowing us to go beyond
a simple geometric optimization study. It is worth noting that the computational effort
is high, preventing a high number of simulations. Despite that, the cases selected in the
present work allowed us to perform the investigation on how the H/L ratio of the coupled
chambers influenced the behavior and performance of the OWC, which has been less
explored in the literature.

The relationships between the height and length of the hydropneumatic chambers
were also analyzed, keeping their inlet volume constant. The other geometric measurements
present in the coupled devices can be obtained using the work of Lima et al. [17].

The results for each hydropneumatic chamber were analyzed individually. The sum
of the individual performances of each coupled chamber was used to compose the overall
performance of the device.

The relationship between free surface elevation, pressure, and hydropneumatic power
was established through the implementation of probes for calculating elevation inside the
hydropneumatic chambers, making it possible to measure the variation in wave height and
water rest position (10 m). This allowed us to determine the air velocity inside the chambers,
which is a component of the pressure calculation and, consequently, of the available power.

4.1. Results for Pressure and Mass Flow Rate

Figure 7 presents the RMS pressure values for the analyzed device as the degrees of
freedom vary. An increase in pressure is observed as the chamber width decreases. Some
oscillations are noted, but they can be attributed to the compression and decompression
process of the air inside the chambers, as well as the effects of wave reflection on their
internal walls.

The simulation of the piston movement of the water column inside the device caused
the compression and decompression of the air inside the chamber; this shows an increase in
the internal pressure in all the coupled chambers, directly influencing the hydropneumatic
power. Furthermore, it is possible to observe how the geometry occurs in cases with a
smaller and larger H,, /L, ratio.

With the variation in the degrees of freedom, pressure increases occurred again, which
can be explained by the more discontinuous oscillatory movement resulting from the
reflection of waves throughout the chambers, which consequently increased the pressure
inside them. The case with the highest pressure value, p = 9049.54 Pa, occurred with a
degree of freedom equal to H,, /L, = 0.3919, i.e., H;, =5.063 m and L,, = 12.918 m.

The mass flow rate is another element in the calculation of the device’s hydropneumatic
power equation. Figure 8 shows the total mass flow rate behavior for the coupled device.

One can note a similar behavioral trend to that observed for the pressure variation
(see Figure 7). Due to the geometric variation, it was possible to identify a decrease in the
total mass flow rate after an absolute maximum point. The increase in the height of the
hydropneumatic chambers can explain this.

Thus, unlike pressure, the highest performance case was determined to be H,,/L,, = 0.2613,
with H, =4.1335 m and L, = 15.8219 m. Furthermore, with an increase in the ratio—meaning
an increase in chamber height and a decrease in chamber length—there was a reduction in
the mass flow rate values. This trend is explained by the length of the duct housing the
turbine of the device, which remained constant, as the mass flow rate tends to decrease
even under high pressure.
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Figure 7. Accumulated root mean square pressure in coupled device as function of height/length of
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Figure 8. Accumulated root mean square mass flow rate in each coupled device as a function of the
height/length ratios of the OWC chambers.

4.2. Results for Hydropneumatic Power

In turn, the hydropneumatic power represents an association of the results obtained
with the accumulated pressure and mass flow rate, according to Equation (5). As in the
previous results, the accumulated power is represented by the sum of the individual powers
of each coupled hydropneumatic chamber.
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Figure 9 shows the variation in the accumulated hydropneumatic power for all ge-
ometries studied. As in the case of pressure (see Figure 7) and mass flow rate (see Figure 8),
it is possible to perceive a very similar behavior of the available hydropneumatic power
variation as the geometries change by increasing H,,/L,. The main explanation rests on
the effect of compression and decompression of the hydropneumatic chambers and the
piston effect that occurs differently with the increase in the height of the chambers and the
decrease in their width.
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Figure 9. Accumulated available root mean square hydropneumatic power in each coupled device as
function of height/length of OWC chambers.

The gradual increase in the accumulated available hydropneumatic power, with
its maximum in the geometry already indicated, can be explained by the increase in
pressure due to the area of the turbine duct being fixed and, with the decrease in the area
for air passage, there is an increase in pressure that is a factor directly proportional to
hydropneumatic power.

The case with the highest performance within the displayed range, with five chambers
coupled and geometry with the ratio H, /L, = 0.2613 (H;, = 5.0625 m and L, = 15.8219 m),
led to an available hydropneumatic power of (Pyy4)opt = 30.8 kW. The lowest performance
case had one chamber, and the ratio H;, /L, = 0.0153 (H, = 1 m and L, = 65.4 m) conducted
an available hydrodynamic power of (Phya)opt = 0.4168 kW.

With the obtained results, it is possible to establish a theoretical recommendation for
the geometry of hydropneumatic chambers using the height and wave length parameters
referenced in the numerical investigation. Thus, it can be recommended that the configura-
tion H,, /L, = 171H/10A achieves maximum energy conversion. This result is a theoretical
recommendation for cases with five coupled OWC devices based on the geometry that
presented the best performance (H,, /L, = 0.2613).

Thus, the combination of the Constructal Design method with the exhaustive search
optimization approach demonstrated its effectiveness as a tool for analyzing OWC devices
with multiple coupled chambers, especially with five chambers, and understanding the
impact of design on the device’s performance.
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5. Conclusions

The present work presents a numerical study of an OWC device with five coupled
chambers. This investigation aims to analyze the influence of geometric variation, keep-
ing the inlet volumes constant, in relation to the total available hydropneumatic power
converted by the device.

The research associates computational modeling, Constructal Design, and exhaustive
search studies. The first is based on CFD, approaching the equations of conservation of mass
and momentum in the differential form through a system of algebraic equations and using
the VOF methodology since it involves two fluids (water and air). The exhaustive search
method allows one to go through all the determined results and discover the geometric
arrangement with the highest performance for a device with five chambers coupled in the
search space defined with Constructal Design.

As part of the Constructal Design method, degrees of freedom were defined as Hy /L;,
Hy/L,, H3/L3, Hy/Lys, and Hs/Ls. The problem restrictions were defined as the volume
of the hydropneumatic chambers (Vg1, Vi, Vs, Vis, and Vgs), the volume of each
hydropneumatic chamber added to the turbine duct volume (Vr1, V13, V3, V14, and Vrs),
and the thickness of the columns that divide the devices, which were kept constant (e;, e,
e3, e4, and es).

With the variation in the geometries, the results for pressure, mass flow rate, and
total available hydropneumatic power, which represent the sum of the objective functions
in each hydropneumatic chamber individually, were analyzed. In all studies, it was
possible to observe an absolute maximum point that defines a geometry that maximizes
the magnitudes studied. For the analyzed performance parameter, it is possible to infer
that both the mass flow rate and hydropneumatic power present the same geometry for
their cases of greater performance. However, there is a different geometry for the case of
maximum pressure, but with a slight variation in the other magnitudes analyzed.

The results show that as the height of the chambers increases and their length
decreases, the performance indicators show an increase up to a degree of freedom
value. After the absolute maximum point, there is a decreasing behavior of the indi-
cators, tending to their stability. Through this study, it was possible to identify that
the highest performance case was found in the geometric configuration H, /L, = 0.2613
(Hy=5.0625m and L, = 15.8219 m).

The difference in the available hydropneumatic power for the optimal and worst
performance cases was 98.6%. The highest performing case had H,,/L;, = 0.2613 (H;, = 5.0625 m
and L, = 15.8219 m), leading to a hydropneumatic power of (Pyyq)opt = 30.8 kW. The
lowest performance case had one chamber, and the ratio H, /L, = 0.0153 (H, = 1 m and
L, = 65.4 m) conducted a hydrodynamic power of (Pyyq)opt = 0.4168 kW.

Thus, it was possible to determine that OWC and WEC with five coupled hy-
dropneumatic chambers present an energy conversion with values consistent with the
literature and that geometric analysis proves to be a powerful tool for determining the
maximum energy conversion. Future work should present a study of the variation in
different degrees of freedom for devices with five coupled chambers. The study of
the variation in the degree of freedom involving the turbine duct is also important, as
it completes the hydropneumatic chamber plus the duct set turbine, thus making it
possible to determine the complete geometric configuration that leads to the highest
converted available hydropneumatic power.
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Nomenclature

Parameters

Ven volume of the hydropneumatic chambers m3
Vin total volume m3
en thickness of the columns m
Hy, height of the hydropneumatic chambers  m
H; height of the turbine duct m
Ly length of the hydropneumatic chambers ~ m

L, length of the turbine duct m
Hepin device’s submersion depth m

period of wave s

H height of wave m
H depth m
A amplitude m

T time )

s flow velocity vector m/s
Pe iy static pressure Pa
Lt tank length m
Hr tank height m

u velocity in the x direction m/s
V4 velocity in the y direction m/s
At area of each volume m?
Cq linear damping coefficient -

Cy quadratic damping coefficient -
X,z spatial coordinates m
P pressure Pa
Pryp hydropneumatic power w
Mgy mass flow rate kg/s
Subscript and abbreviations
WEC wave energy converter
OWC oscillating water column
FVM finite volume method
VOF volume of fluid
CFD Computational Fluid Dynamics
PRESTO Pressure Staggering Option
PISO Pressure Implicit Split Operator

RMS root mean square
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Appendix A

Table Al. Geometric variation in hydropneumatic chambers.

Cases H,/L, H, (m) H; (m) L, (m) lj (m)
1 0.0153 1.0000 9.1698 65.4000 3.0566
2 0.0229 1.2247 9.1698 53.3989 3.0566
3 0.0344 1.5000 9.1698 43.6000 3.0566
4 0.0516 1.8371 9.1698 35.5993 3.0566
5 0.0774 2.2500 9.1698 29.0667 3.0566
6 0.1161 2.7557 9.1698 23.7328 3.0566
7 0.1742 3.3750 9.1698 19.3778 3.0566
8 0.2613 4.1335 9.1698 15.8219 3.0566
9 0.3919 5.0625 9.1698 12.9185 3.0566
10 0.5878 6.2003 9.1698 10.5479 3.0566
11 0.8817 7.5938 9.1698 8.6123 3.0566

Table A2. Geometric variation in the height of the columns that divide the devices with
five coupled chambers.

Cases H2, H3, H4, H5 (m) H1/L1,' H6/L5 Hl (m) Ll; L5 (m) l] (m)
1 0.0000 0.2613 9.1698 15.8219 3.0566
2 0.2419 0.2613 9.1698 15.8219 3.0566
3 0.3629 0.2613 9.1698 15.8219 3.0566
4 0.5443 0.2613 9.1698 15.8219 3.0566
5 0.8165 0.2613 9.1698 15.8219 3.0566
6 1.2247 0.2613 9.1698 15.8219 3.0566
7 1.8371 0.2613 9.1698 15.8219 3.0566
8 2.7557 0.2613 9.1698 15.8219 3.0566
9 4.1335 0.2613 9.1698 15.8219 3.0566
10 6.2003 0.2613 9.1698 15.8219 3.0566
11 9.3004 0.2613 9.1698 15.8219 3.0566

Table A3. Pressure, mass flow rate, and hydropneumatic power results.

Cases p (Pa) m (kg/s) Ppig (W)
1 2191.0142 16.4658 416.7942
2 2259.7285 22.2433 896.1300
3 2378.7092 28.0633 1341.7517
4 2558.5239 29.6668 1776.1438
5 4857.0251 38.0522 6750.6147
6 3332.7051 41.9347 4703.5118
7 6784.9656 61.0432 17,010.7276
8 8820.8559 82.1106 30,815.7217
9 9049.5421 68.1899 24,617.2238
10 6694.0390 55.3329 14,426.9606
11 6474.0304 49.7657 12,517.5821
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