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Abstract: The work presents a numerical study of a wave energy converter (WEC) device based
on the oscillating water column (OWC) operating principle with a variation of one to five coupled
chambers. The main objective is to evaluate the influence of the geometry and the number of coupled
chambers to maximize the available hydropneumatic power converted in the energy extraction
process. The results were analyzed using the data obtained for hydropneumatic power, pressure,
mass flow rate, and the calculated performance indicator’s hydropneumatic power. The Constructal
Design method associated with the Exhaustive Search optimization method was used to maximize
the performance indicator and determine the optimized geometric configurations. The degrees of
freedom analyzed were the ratios between the height and length of the hydropneumatic chambers. A
wave tank represents the computational domain. The OWC device is positioned inside it, subject
to the regular incident waves. Conservation equations of mass and momentum and one equation
for the transport of the water volume fraction are solved with the finite volume method (FVM).
The multiphase model volume of fluid (VOF) is used to tackle the water–air mixture. The analysis
of the results took place by evaluating the performance indicator in each chamber separately and
determining the accumulated power, which represents the sum of all the powers calculated in all
chambers. The turbine was ignored, i.e., only the duct without it was analyzed. It was found that,
among the cases examined, the device with five coupled chambers converts more energy than others
and that there is an inflection point in the performance indicator, hydropneumatic power, as the
value of the degree of freedom increases, characterizing a decrease in the value of the performance
indicator. With the results of the hydropneumatic power, pressure, and mass flow rate, it was possible
to determine a range of geometry values that maximizes the energy conversion, taking into account
the cases of one to five coupled chambers and the individual influence of each one.

Keywords: constructal design; oscillating water column (OWC); coupled devices; geometric
optimization

1. Introduction

The research and development of various energy conversion technologies focus on
different possibilities, such as solar, wind, biogas, and energy from the ocean, and these are
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not the only ways to obtain energy [1], due to the growing demand for renewable energy
as a sustainable energy source. Checking the Brazilian reality, the energy matrix present in
the country has a higher consumption of non-renewable sources of energy than renewable
ones. However, more renewable sources are used than the rest of the world, with 42.9% of
the energy coming from clean energies [2].

The ocean is an excellent form of renewable energy. It can store thermal (heat), kinetic
(tides and waves), chemical, and biological (biomass) sources of energy [3]. The highlight
is the waves’ energy due to its high energy density, predictability, and wide availability [4].

The WEC technologies have been studied for more than three decades. The WECs
can receive different classifications, such as their installation location, size, wave direction
characteristic, and operating principle [5].

Among the WECs already proposed, the OWC device is one of the most promising.
The OWC uses a semi-submerged chamber open at the bottom, below the free surface of the
water, with a duct connected to it where the energy converter turbine is located. The oscilla-
tory movement of the waves raises and lowers the water level inside the chamber, moving
the internal volume of air [6], shown in Figure 1. In the OWC, the air velocity increases by
reducing the cross-sectional area near the turbine, increasing in energy conversion [7]. In
addition, the turbine and generator are not in direct contact with the water [8].

Figure 1. Principle of operation of an OWC device.

Concerning the OWC converters, some important works were carried out in the
experimental and numerical form to develop the devices. Ning et al. [9] performed an
experimental study on a laboratory scale, investigating the performance of an OWC device
with varying wave conditions and geometric parameters of the inlet volume and beach
slope. For the study, the results showed that the free surface’s elevation depends on the
relative wavelength.

More recently, Elhanafi et al. [10] studied a device in a three-dimensional experimental
and numerical form, following the continuity of the works presented by the previous
authors. OWC devices were subjected to different wave heights and periods. With the
investigation, it was possible to identify that the three-dimensional modeling of the offshore
OWC device overestimates the global energy extraction efficiency, especially for high wave
frequencies compared to the experimental model.

Liu et al. [11] evaluated OWC devices employing the VOF computational model
in strictly numerical works. Geometric variations and different wave characteristics for
two-dimensional and three-dimensional cases were studied. The results were compared
with experimental data to validate the chosen computational model.

Rodrigues et al. [12] presented a computational model for the two-dimensional simu-
lation of OWC devices, subject to a Pierson–Moskowitz wave spectrum. The objective of
the work was to obtain recommendations regarding temporal discretization and a compu-
tational mesh with sufficient refinement to produce results with greater precision with less
computational effort. The results indicated that the theoretical recommendations are based
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on the minimum period of the spectrum, as the means and deviations are reasonable and
the peak differences are smaller than the other periods studied.

Afterward, Lisboa et al. [13] presented an investigation of an OWC device installed on
the south coast of Brazil. The authors used FLUENT software based on the finite volume
method (FVM) and the model that solves the Reynolds averaged Navier–Stokes (RANS)
equation. The device is equipped with a Wells-type turbine with pressure control and
rotation speed regulation.

Guimarães et al. [14] presented a two-dimensional numerical study to analyze the
energetic viability of wave potential on the Brazilian coast. Thus, numerical simulations
were performed to determine the waves’ significant height and power ratio using a two-
dimensional TOMAWAC spectral model. The results show that in areas close to the coast,
the average power rate reached values of 15 kW/m, while offshore values achieved 18 to
20 kW/m, being more frequent in the South-Southeast Brazilian platform.

Even with several contributions to the geometry design of OWC devices, the use of
Constructal Design for the geometric evaluation of this type of WEC has been gradually
increasing. Constructal Design is based on the Constructal Law, which was used in its
early years as a design tool to increase engineering systems’ performances or describe a
natural phenomenon; so, the Constructal Law concerns the changes undergone by any
flow system [15]. Constructal Law states that for a finite flow system to persist in time (to
survive), its configuration must freely change in time so that it provides easy access to its
currents. The geometry of the structures must be reconfigured to obtain maximum use
with minimum energy expenditure [16].

The Constructal Design method had been used to guide the design in several areas of
knowledge. For example, Razera et al. [17] presented wide applications of the association
of the method to different areas of study. The versatility of the method was demonstrated,
and the most diverse applications and interpretations were given with examples, such as
heat exchangers, other renewable energy sources, such as earth–air heat exchangers and
solar chimneys, and even the mechanics of solids have been illustrated.

The following authors proposed works involving OWC and the Constructal Design
method, in which the Exhaustive Search optimization method is associated to analyze all
the proposed geometric variations. A two-dimensional approach was used based on the
FVM using VOF to deal with the water and air interaction in multiphase problems with
regular waves as a computational model.

Gomes et al. [18] developed numerical research considering an OWC device with a
rectangular hydropneumatic chamber subject to different wave periods in full scale and
varying two degrees of freedom: H1/L (ratio of height to length of the hydropneumatic
chamber) and H3 (OWC submergence). The results indicated that when the H1/L ratio was
four times higher than the ratio of height to length of the incident wave (H/λ), it maximizes
the hydropneumatic power.

Afterward, Lima et al. [19] studied an OWC device with four coupled chambers with
degrees of freedom given by Hn/Ln (ratio of height to length of the hydropneumatic coupled
chambers). The results showed a hydropneumatic power peak for the mean values of the
studied degrees of freedom.

Lima et al. [20] studied OWC devices with two coupled chambers when varying
three degrees of freedom, the ratio between the height and length of the hydropneumatic
chamber (Hn/Ln), and the height (H2) and thickness (e2) of the wall that divides the coupled
chambers. As a result, the authors found a power of 5.7 kW when the height/length ratio
of the hydropneumatic chambers is 0.2613 and height and thickness of the wall that divides
the coupled chambers are 4.13 m and 0.13 m, respectively.

In Letzow et al. [21], a full-scale onshore OWC device with three degrees of freedom
was considered: the ratio between the height and length of the hydropneumatic chamber,
the ratio between height and length of the ramp of the device, and the depth of submersion
of the device. The results showed that using the seabed ramp led the power to a maximum
conversion of 37.3% compared to the best case without the ramp.



Appl. Sci. 2021, 11, 8630 4 of 24

Unlike the previous results in Gomes et al. [22], a JONSWAP wave spectrum was
used to study the influence of different geometries for the hydropneumatic chamber with
one degree of freedom: H1/L (ratio between the height and length of the OWC chamber
entrance). A wave spectrum is a classification referring to irregular waves that can be de-
composed by harmonic analysis (Fourier) into a large number of regular waves of different
frequencies, directions, amplitudes, and phases. The JONSWAP spectrum is an extension
of another spectrum, the Pierson–Moskowitz spectrum, being differentiated by the fact
that it considers that waves continue to grow with distances (or time) and the wave peak in
this spectrum is more pronounced because it leads to enhanced non-linear interactions and
one spectrum that changes in time [23,24]. Thus, four distinct chamber geometries were
analyzed: rectangular, trapezoidal, inverted trapezoid, and double trapezoid. The results
indicated that the rectangular geometry reached an improvement superior to the others
studied.

In this context, the present numerical work aims to perform a geometric evaluation of
an offshore OWC device with different hydropneumatic chambers coupled in full scale. The
format of the chambers is varied through Constructal Design [25], changing the degrees
of freedom Hn/Ln (the ratio between height to length of the hydropneumatic coupled
chambers), where n varies according to the number of coupled chambers.

In addition, the performance indicator assesses the available power to be maximized
using the analysis of the geometries. It is noteworthy that the computational model did
not consider a turbine in the duct that allows air flow.

It is worth mentioning that it is simulated here only the main operating principle of
the OWC device. Then, it is considered an incompressible, transient, and two-dimensional
water–air multiphase flow. Conservation equations of mass and momentum and one
equation for the transport of the water volume fraction are numerically solved with the
FVM [26,27]. The multiphase VOF model is used [28,29] to tackle the water–air interface.

This research contribution relies on an unprecedented analysis of the influence of the
addition of hydropneumatic chambers, when the project is limited to a maximum of five
coupled devices. Another aspect contributing to the state of the art is considering the wave
climate present in southern Brazil.

2. Wave Energy and Converting Devices

The wind’s action produces the waves and, therefore, is an indirect form of solar
energy, but can also be created through landslides, earthquakes, the gravitational attraction
of the sun and the moon, or any disturbance on the water surface [30]. A wave can be
characterized by different parameters, such as the period (T), which represents the time
required for two successive crests (or troughs) to pass a certain point; the height (H), which
is the vertical distance between the crest and the wave trough; and the depth (h) in which
they propagate. These characteristics can be seen in Figure 2 [31].
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Other parameters that characterize the wave can also be theoretically determined from
those already mentioned. The first is the wavelength (λ), being determined as the distance
between two successive crests (or troughs). Another is the free surface elevation (η), which
is the free surface position in relation to its average level and is defined by Equation (1) [32],
and the last parameter is the wave amplitude (A), representing the maximum elevation
compared to the average water level.

η(x, t) = A cos(kx−ωt) +
A2k cosh(kh)
4sinh3(kh)

[2 + cosh(2kh)] cos 2(kx−ωt) (1)

where h is the depth (m), ω is the frequency (rad/s), t is the time (s), k is the wave
number (m−1), x is the coordinate representing the main direction (m), and A is the wave
amplitude (m).

The wave power is proportional to the square of its amplitude and period, calculated
per wavefront meter [5]. The south and southeast regions are subject to more energetic
waves associated with the cold fronts at certain times of the year, totaling 22 GW of wave
power [33]. The southern region of the State of Rio Grande do Sul stands out as having
the most significant energy potential of the entire Brazilian coast in wave energy, with an
available power that can reach 40 kW/m [18].

Oscillating Water Column Wave Energy Converter

There are many ways to categorize WECs [34]. In this article, only OWC devices are
studied. The oscillations of the incident sea waves generate a piston movement of the water
column and make the pressure inside the hydropneumatic chamber move the air through
the turbine duct of a device in an alternating flow [6]. Hence, this pressurized air flow
drives a turbine that always rotates in the same direction regardless of the airflow direction.
Different types of turbines that work in this form can be cited: Wells, Deniss–Auld, and
Impulse Turbine [20,35].

According to Elhanafi et al. [10], most studies about OWC devices are focused on
equipment located on land (onshore) and close to the coast (nearshore), as they are directly
connected to the seabed and also due to the ease of transmission of the converted energy.
Figure 1 shows a diagram of the operating principle of an OWC device with five coupled
cameras. This configuration of the hydropneumatic chambers is one of those studied in the
present investigation.

3. Computational Modeling

The research methodology used in the present work was based on Computational
Fluid Dynamics (CFD). This method approaches the mass and momentum conservation
equations differentially through a system of algebraic equations, which can be solved
computationally [36]. The VOF method is also used to reproduce the interaction between
the fluids, water, and air involved in the numerical simulation.

The concept of volume fraction (αq) is necessary to represent the phases contained in
each control volume where α is a continuous variable in space and time, representing the
presence of fluid inside the control volume [37]. Thus, the model consists of the two-phase
mass conservation equation [38]:

∂ρ

∂t
+∇ ·

(
ρ
→
v
)
= 0 (2)

The volumetric fraction equation is given by

∂

∂t
(
ραq
)
+∇

(
ραq
→
v
)
= 0 (3)
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A momentum equation for the mixture water/air is solved in the computational
domain and given by

∂

∂t

(
ρ
→
v
)
+∇

(
ρ
→
v
→
v
)
= −∇p +∇

(
τ
)
+ ρ
→
g (4)

where ρ 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), µ is the viscosity (kg/m.s), τ is the tension tensor, and
→
g

the acceleration of gravity (m/s2).
The VOF method does not explicitly calculate the position of the free surface between

fluids. Thus, it is necessary to discretize the volumetric fraction in the interface region
between the two fluids. In this way, cells with αwater between 0 and 1 contain the interface
between water and air (αair = 1 − αwater). If αwater = 0, the cell is without water and full of
air (αair = 1), and the same goes for the complete water cell and without air.

The zone’s physical properties between the two fluids are calculated as the weighted
averages based on the volumetric fraction. In this way, density and viscosity are written,
respectively, as below [39], and Table 1 presents the properties of the fluids [40]:

ρ = αwaterρwater + αairρair (5)

µ = αwaterµwater + αairµair (6)

Table 1. Properties of the materials.

Properties Viscosity (kg/(m.s)) Density (kg/m3)

Water 1.0020 × 10−3 1021

Air 17.2 × 10−6 1.2041

The solution of Equations (2) and (4) is achieved with the FVM. The FVM is a way
to obtain a discrete version of a partial differential equation (PDE). The method’s main
advantage is that spatial discretization is done directly in physical space, so there are no
problems with the coordinate systems’ transformations, as in the finite difference method
(FDM) [41,42].

3.1. Numerical Model of an OWC Converter

Some aspects must be considered when performing the numerical simulation of WEC
devices, especially the OWC. Among them are the height and length of the generated wave
because, and according to the dimensions of these characteristics, the dimensions of the
wave tank are defined [20].

The two-dimensional computational domain presented in this research consists of an
OWC device with several coupled hydropneumatic chambers inserted into a wave tank
to reproduce the structure’s interaction with the sea waves. The chamber’s volume was
kept constant in all simulated cases. As already mentioned, the FVM is employed for the
numerical solution of the conservation equations of mass, momentum, and volume fraction.
We used the CFD commercial package FLUENT™ [24,25,43].

The pressure-based solver was employed in all simulations. The first-order upwind
advection scheme for treatment of advective terms and PRESTO (Pressure Staggering
Option) for the spatial discretization of the pressure in the momentum equation were used.
Pressure velocity coupling was performed with PISO (Pressure Implicit Split Operator)
algorithm [26,27]. The GEO-RECONSTRUCTION method was used to treat the interface
between the fluids since the same assumes that the interface between the two working
fluids has a linear slope within each cell, which is used to calculate the fluid advection
through the cell faces [26]. All simulations were performed on computers with an Intel
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Xeon® processor with 32 Gb of RAM, in each machine, using parallel processing. Each
simulation took approximately 9 h to process the analyzed cases.

3.2. Dimensions of the Numerical Wave Tank and OWC

The dimensions of the numerical wave tank (see Figure 3) depend directly on the
wave characteristics adopted in the analysis. The depth of the water (h) and the wave
height (H) (see Figure 2) must be taken into account to determine the numerical wave tank
height. This care is taken so that water does not occupy the space outside the computational
domain. Thus, it is possible to define that the tank’s minimum height is given by h + 3 H, as
described in Gomes et al. [18]. The wave considered in this work follows a real scale [44].

Figure 3. Boundary conditions and dimensions of the computational domain composed of the wave tank and the OWC
device with five coupled chambers.

The depth of wave propagation is the same as the wave tank. For the length of the
tank, it is necessary to consider the wavelength (λ). The tank’s dimensions and the waves’
characteristics are the same as presented in Lima et al. [20] and can be seen in Table 2.

Table 2. Problem characteristics and wave climate.

Characteristics Values

Wave period (T) 7.5 s

Wavelength (λ) 65.4 m

Wave height (H) 1 m

Depth (h) 10 m

Tank length (LT) 327 m

Tank height (HT) 14 m

The dimensions of the converter device are also defined and can be seen in Figure 4,
in detail, highlighting the height of the hydropneumatic chambers (H1, H2, H3, H4, H5, H6),
the submersion depth of the device (Hdepth), the heights of the turbine ducts (H7, H8, H9,
H10, H11), the length of the ducts (l1, l2, l3, l4, l5), the length of the chambers (L1, L2, L3, L4,
L5), and the thickness of the columns that divide the devices (e1, e2, e3, e4, e5, e6).



Appl. Sci. 2021, 11, 8630 8 of 24

Appl. Sci. 2021, 11, 8630 8 of 25 
 

Table 2. Problem characteristics and wave climate. 

Characteristics Values 

Wave period (T) 7.5 s 

Wavelength (λ) 65.4 m 

Wave height (H) 1 m 

Depth (h) 10 m 

Tank length (LT) 327 m 

Tank height (HT) 14 m 

  

Figure 4. Details and characteristics of the OWC device. 

3.3. Numerical Wave Generation and Boundary Conditions 

The numerical wave generator is positioned to the left of the wave tank, as shown in 

Figure 3 (highlighted in blue). The wave is generated using the methodology available in 

the software FLUENT® , in which the used wave theory is defined (in the present work, it 

was 2nd-order Stokes), as well as the height and wavelength using the VOF methodology 

defined as the open channel wave boundary condition [40]. The equation that describes 

the prescribed velocity boundary condition is defined by the following formulation, being 

divided into horizontal and vertical components [22]: 

)(2cos
)(sinh

)(2cosh

24

3
)cos(

)cosh(

)cosh(

2 4

2

tkx
kh

zhk
k

H
tkx

kh

khkz
gk

H
=u 


−

+








+−

+
 (7) 

)(2sin
)(sinh

)(2sinh

24

3
)sin(

)cosh(

)sinh(

2 4

2

tkx
kh

zhk
k

H
tkx

kh

khkz
gk

H
=w 


−

+








+−

+
 (8) 

The other boundary conditions are also shown in Figure 3. The definition is the fol-

lowing: an atmospheric pressure condition (outlet pressure—lines in red color) is applied 

on the upper left side, as well as on the upper surface of the tank and at the outlets of the 

turbine ducts; the condition of non-slip and impermeability (wall—lines in black color) is 

applied on the bottom of the tank and the walls of the devices. The right surface has a 

hydrostatic profile (line in yellow color) to eliminate the reflection effect of the waves.  

In addition to the boundary conditions, it is considered an initial fluid condition at 

rest (flat condition), with depth h = 10 m and t = 0 s in the free surface elevation equation 

Figure 4. Details and characteristics of the OWC device.

3.3. Numerical Wave Generation and Boundary Conditions

The numerical wave generator is positioned to the left of the wave tank, as shown in
Figure 3 (highlighted in blue). The wave is generated using the methodology available in
the software FLUENT®, in which the used wave theory is defined (in the present work, it
was 2nd-order Stokes), as well as the height and wavelength using the VOF methodology
defined as the open channel wave boundary condition [40]. The equation that describes
the prescribed velocity boundary condition is defined by the following formulation, being
divided into horizontal and vertical components [22]:

u =
H
2

gk
cosh(kz + kh)

ω cosh(kh)
cos(kx−ωt) +

3
4

(
H
2

)2
ωk

cosh 2k(h + z)
sinh4(kh)

cos 2(kx−ωt) (7)

w =
H
2

gk
sinh(kz + kh)

ω cosh(kh)
sin(kx−ωt) +

3
4

(
H
2

)2
ωk

sinh2k(h + z)
sinh4(kh)

sin 2(kx−ωt) (8)

The other boundary conditions are also shown in Figure 3. The definition is the
following: an atmospheric pressure condition (outlet pressure—lines in red color) is applied
on the upper left side, as well as on the upper surface of the tank and at the outlets of the
turbine ducts; the condition of non-slip and impermeability (wall—lines in black color)
is applied on the bottom of the tank and the walls of the devices. The right surface has a
hydrostatic profile (line in yellow color) to eliminate the reflection effect of the waves.

In addition to the boundary conditions, it is considered an initial fluid condition at
rest (flat condition), with depth h = 10 m and t = 0 s in the free surface elevation equation
(Equation (1)). This equation calculates the wave tank’s water elevation and determines
the wave height at different locations.

A numerical beach region was inserted into the tank to decrease the wave reflection
effects. A sink term (S) is added to the momentum conservation equation, given by
[37,45,46]. An error is introduced with the addition of a term in the conservation equation.
A more detailed study regarding its estimation with linear and quadratic terms analysis
can be seen in [47].

The mathematical formulation is presented in the following equation [45,46]:

S = −
[

C1ρV +
1
2

C2ρ|V|V
](

1−
z− z f s

zb − z f s

)(
x− xs

xe − xs

)2
(9)
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where C1 and C2 are the linear and quadratic damping coefficients, respectively, the term
ρ refers to density,

→
v is the velocity, z is the vertical position, zfs and zb are the vertical

positions of the free surface and bottom, respectively, x is the horizontal position, and xs
and xe are the horizontal positions of the beginning and finish of the numerical beach,
respectively. According to Lisboa et al. [48], it is recommended to assume C1 = 20 and
C2 = 0.

3.4. Computational Mesh

The discretization of the computational domain is performed with finite rectangular
volumes. All computational meshes generated in the investigation followed the stretched
methodology developed by Mavriplis [49]. The application of this technique consists of
defining regions more refined than other ones. These regions are defined through the
investigation’s interest; they are the free surface regions in the present work.

Figure 5 shows the two-dimensional mesh for the case of five coupled chambers.
The computational domain was divided into three regions: before the devices, inside,
and after them. Region A represents the domain before the OWC devices and is divided
vertically into three sub-regions to define one of them with greater refinement, as indicated
by the stretched methodology: A1, A2, and A3, and for the region of the free water surface
(region A2), a refinement of 40 volumes in the vertical direction and 120 volumes in the
x-direction is adopted. Besides, 30 and 110 volumes are used in the vertical direction for the
spatial discretization of regions A1 and A3, respectively, following the recommendations of
Barreiros [50]. In regions B, C, D, E, and F, there are the OWC devices, where one can check
the most refined mesh inside them.
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Figure 5. Spatial discretization of the computational domain.

Squares of 0.1 m in length totaling 620 horizontal volumes were used for the devices’
region, while squares of 1 m in length were used for the regions outside the devices, as
recommended by Gomes [37]. The region G represents the geometry after the devices and
has 200 horizontal volumes and the same vertical discretization of region A.
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4. Constructal Design for Geometric Investigation of OWC

Constructal Design, the method used to apply the Constructal Law, allows obtain-
ing better geometries by reducing its internal currents’ general resistance. The method
relates degrees of freedom (geometric parameters that vary during the method execution
processor), restrictions (parameters that are kept constant during the analysis of cases),
and performance indicators (that must be improved, aiming to reach a superior perfor-
mance) [25,51].

The method’s implementation scheme and all the steps necessary to execute it are
presented in Figure 6. All studied cases were analyzed based on the flowchart shown in
Figure 7. This scheme allows a better understanding of the studied cases and how they were
considered the degrees of freedom. All analyzed geometries are shown in Tables A1–A3
located in the Appendix A.
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Figure 6. Scheme of execution of the Constructal Design method. Figure 6. Scheme of execution of the Constructal Design method.

The studied geometries are presented below: Table A1 presents the eleven geometric
variations for each number of coupled chambers, where the variation in n represents the
number of coupled chambers. Tables A2 and A3 present the study of the thickness and
height of the walls that divide the coupled chambers for the case using five chambers.
The present study assumed the geometry values with the highest performance of the
hydropneumatic power performance indicator presented in the study by Lima et al. [20].
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The analysis of the different geometric configurations proposed is presented by evalu-
ation of the Constructal Design Method results. The problem restrictions are the volume of
hydropneumatic chambers (VEn), the total volumes (VTn), and device column thicknesses
(en), where n varies from one to five, representing the number of coupled chambers.

Thicknesses are kept constant and equal to 0.1 m, as recommended by Lima et al. [52].
As the chambers have the same geometry, the generalized formulation is defined, and
the sub-index n is used as the previous formulations, and j varies from seven to eleven,
representing the turbine ducts.

VEn = (Hn)(Ln)(W) (10)

VTn = VEn + (Hj)(ln)(W) (11)

The dimension W in Equations (10) and (11) is kept constant and equal to 1 m because
it is a two-dimensional computational model. It is also considered an average characteristic
of a real wave spectrum with a period of 7.5 s and a wavelength of 65.4 m. These values
are defined according to the peak spectrum presented by Gomes et al. [53].

The analyzed degrees of freedom of the work are the ratios between height and width
of the hydropneumatic chambers (H1/L1, H2/L2, H3/L3, H4/L4, and H5/L5). The volumes
are defined in the following way: VEn represents 70% of VTn, and the same goes for the
other incoming volumes, i.e., VTn = 93.4 m3 and VEn = 65.4 m3. These values are defined
based on the characteristics of the wave studied in the present work, beginning the first
case with a length (Ln) equal to the wavelength and height (Hn) equal to the height of the
wave. Through the previous equations, it is possible to determine the equations that define
the lengths (L1, L2, L3, L4, L5) and the heights (H1, H2, H3, H4, H5, H6) of the problem:

Ln =

 VEn(
Hn
Ln

)
W

 1
2

(12)

Hn = Ln

(
Hn

Ln

)
(13)
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ln =

VTn
−VEn(

Hj
ln

)
L


1
2

(14)

Hj = ln

(Hj

ln

)
(15)

5. Verification and Validation of the Numerical Model

One way to evaluate the generated numerical waves is to compare the numeri-
cal free surface’s transient elevation with the respective analytical solution presented
in Equation (1), maintaining the same position. Figure 8 compares these results on a
two-dimensional wave channel without the OWC device. The measurement probes are
placed at x = 98.1 m.
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Figure 8. Elevation of the free water surface: (A) all simulation times; (B) detail of 100 s ≤ t ≤ 150 s.

The total simulation time to perform the verification is 225 s, where Figure 8A com-
pares the results. Figure 8B shows a time interval in which it is possible to observe small
differences between the numerical and analytical data. The absolute difference between the
solutions is measured instantly by calculating the error. Thus, the average of the differences
is 1.48%, with the maximum value reaching 5.44%. These results show the accuracy of the
numerical model used.

Validation of the numerical model considering the device is also required. The data
obtained were compared with experimental and numerical results from Liu et al. [11]. Thus,
the dimensions of the wave channel and the OWC device are described in Liu et al. [11] and
determine a computational domain. In all cases, the turbine is not inserted into the turbine
duct, and air pressure and air velocity variations are analyzed in the hydropneumatic
chamber for the different wave periods mentioned above. Thus, the results were compared
with those obtained numerically and experimentally by Liu et al. [11].

It should be noted that the numerical model adopted here differs from the numerical
model employed by Liu et al. [11] because when comparing the discrete results obtained for
velocity, they are overestimated regarding the magnitudes of the experimental velocities;
this fact is justified due to the resonance effects between the waves and chamber. The
numerical values obtained agree with those in the previous works considering 2D and 3D
domains, as shown in Figure 9A.
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Figure 9. Comparison among the results obtained in the present study and those presented by Liu et al. [11] for different
wave periods.

Despite the differences in the results, both the velocity and pressure magnitudes are
in line with the numerical results of the reference and, mainly, with the experimental
results for the pressure field in Figure 9B. It can be noted that as the period (T) of the
waves increases, the relative pressure also increases: for T = 6.5 s and 7 s, the obtained
results are between the 2D and 3D results of Liu et al. [11], while for T = 8 s, the proposed
computational model conducts to practically the same value of the experimental result.

The mathematical and numerical model used in this work considers the flow in a
laminar and incompressible regime, these being one of the simplifications of the real model
adopted. As shown by Liu et al. [11], in the inner region of the chamber, the number
of calculated Reynolds is high, thus configuring a turbulent flow and using a Reynolds-
averaged Navier–Stokes (RANS) approach with the standard k-ε turbulence model.

Although the results obtained in the present work are not fully convergent with those
presented by Liu et al. [11], in general, they have the same trends as the numerical and
experimental results of the authors. Therefore, it is possible to consider the employed
computational model as verified and validated.

6. Results and Discussion

The current investigation’s main purpose is to maximize the available hydropneumatic
power of the OWC device, which depends directly on the pressure and mass flow rate
changes due to the proposed geometric variations of the hydropneumatic chamber. The
RMS (root mean square) was used to calculate the average values of the performance
indicator. The monitoring of the water-free surface elevation takes place through the
following integral: ∫

αwaterdA =
n

∑
t=1

αt|At| (16)

where αwater is the amount of water in each volume and At is the area of each volume
(m2). The following integral is used to monitor the mass flow rate in the center of each
turbine duct: ∫

ρair
→
v air·d

→
A =

n

∑
t=1

(ρt
air)(

→
v

t
air)(

→
At) (17)

where
→
v air represents the air velocity in the z-direction (m/s), and ρair is the density of the

air (kg/m3). The mean values were calculated using the arithmetic mean for transient RMS
problems:
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X =

√√√√ 1
T

T

∑
n=1

(n)2 (18)

where n represents the quantity to be calculated on the average RMS. For further details, it
is recommended to consult Marjani et al. [54].

The available hydropneumatic power is calculated according to [55]:

Phyd =

pe,air +
ρair
→
v

2
air

2

 .
mair
ρair

(19)

where pe,air is the static pressure in the turbine duct of the OWC device (Pa),
.

mair is the
air mass flow rate through the turbine duct (kg/s), and vair is the velocity of the air in the
turbine duct (m/s); the other parameters can be found in Gomes [37] and Lima [56].

Altogether, seventy-six different geometric configurations proposed by the Constructal
Design application are analyzed in relation to the height and length of the devices, keeping
the input volume constant. The choice of values is made considering the height of the
wave tank so that the height of the devices does not reach the bottom of the tank, making
the passage of water impossible and its length not being so small as to make the energy
conversion unviable. The cases of geometric variation in the thickness and height of the
wall dividing the devices can be found in Lima et al. [20].

The numerical simulation process starts with an OWC device with only a single
hydropneumatic chamber and analyzes pressure, mass flow, and hydropneumatic power
as the degrees of freedom vary. This process is repeated with the increase in coupled
chambers up to a total of five.

The analysis of the results takes place by exploring each chamber individually and,
thus, defining the highest values for the performance indicators. The result obtained in
each chamber is added to the others in the coupled cases. The maximum performance of
the device is defined as the sum of the individual performance indicators of each one.

Figure 10 shows the RMS pressure values for the cases varying the number of coupled
chambers (CC), where each line represents each of the studied cases. The increase in
pressure occurs for two reasons. The first is that with the increase in the CC height, there
is a greater pressure concentration in each chamber, even with the increase in CC. The
second reason refers to the geometry of the chambers. It appears that the chambers with
three coupled devices present a higher pressure than chambers with four devices in some
configurations.

This behavior is due to the reflection of the waves inside the chambers, making the
oscillatory movement more discontinuous and increasing the piston effect, consequently
increasing the pressure and velocity, causing recirculation in the turbine duct, as can be
seen in Figure 11, with the detail of one of the chambers and its turbine duct. The interval
with values of 0.25 < Hn/Ln < 0.50, for the five cases analyzed, presents in all of them its
highest pressure values.
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Figure 11. Device model with water (red) and air (blue) and the turbine duct detail, with air
recirculation and its maximum (7.198761 m/s) and minimum (−0.007744 m/s) velocity.

It is understood that these geometric configurations within this range provide an
increase in the accumulated pressure due to the decrease in the entrance length of the
devices and an increase in the height. The simulation of the piston movement caused
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by the compression and decompression of the chamber with a greater vertical path to
move shows the growth of the internal pressure in all chambers, directly influencing the
hydropneumatic power.

Figure 12 shows the highest values of accumulated pressure for each case studied,
remembering that for each geometric configuration analyzed, the pressure in each coupled
chamber is added, being its total the accumulated pressure. In this figure, it is possible to
identify that devices with only one chamber have lower pressure values than the others,
and this behavior can be explained by the low accumulated pressure that occurs due to
having a single chamber.
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Note that devices with three chambers have higher pressure values than devices with
four chambers. This behavior is due to the more regular piston effect in devices with three
chambers coupled. Devices with five coupled chambers have the highest accumulated
pressure value, and the cases with the highest performance in all analyzed geometries are
also concentrated in the same range of values.

It can be noticed that devices with a greater number of coupled chambers present
higher pressure, a parameter that directly implies the calculation of the hydropneumatic
power, as can be seen in Equation (19). Besides, there is a pattern and tendency to increase
pressure with an increase in hydropneumatic chambers.

The mass flow rate is another component for the calculation of the hydropneumatic
power equation. It directly influences the calculation and, through the airflow that passes
through the turbine duct, energy conversion occurs when there is an implanted turbine.
Figure 13 shows the behavior of the mass flow rate for five related studies. As well
as pressure, the highest performance cases are within the same range of values for the
cases analyzed (0.25 < Hn/Ln < 0.50). The justification for this conclusion is through the
compression and decompression process, which, like pressure, occurs with an increase in
the height of the chambers and a decrease in width, keeping the inlet volume fixed.

There is a gradual and uniform increase in all cases, with a peak value for the perfor-
mance indicator at the same point of Hn/Ln in all analyses. As the ratio increases, that is,
the chamber height increases and the length of the chamber decreases, there is a decline in
the mass flow rate values. This behavior is justified by the length of the duct in which the
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device’s turbine is located, which remains constant because even with high pressure, the
mass flow rate tends to decrease.

As in the pressure, after analyzing the RMS of the five geometric configurations, the
values with the highest mass flow rate are checked and the development of these values
is studied with the increase in the number of coupled chambers, as seen in Figure 14.
As the number of coupled chambers increases, the mass flow rate also increases. This
phenomenon explains the more significant number of piston effects in the hydropneumatic
chambers and the increase in mass flow rate. In all cases, the length and height of the duct
would have the same values in the energy conversion turbine.Appl. Sci. 2021, 11, 8630 17 of 25 
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The hydropneumatic power represents an association of the results obtained with
the mass flow and pressure, as shown in Equation (19). Figure 15 shows the variation of
the accumulated hydropneumatic power for all studied cases. With the increase in the
number of coupled devices, there is an increase in hydropneumatic power. This fact can
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be explained due to the rise in pressure and the accumulated mass flow as the number of
coupled chambers increases.
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As in the other analyzed quantities, the available hydropneumatic power presents its
highest values in each of the configurations studied in the range of 0.25 < Hn/Ln < 0.50.
The increase in the power indicates that more energy is being converted into the device, so
with five chambers coupled, the maximum accumulated hydropneumatic power is greater
than the other cases. In addition, the hydropneumatic power shows a maximum point, but
after it starts to decrease. This behavior is due to the hydropneumatic chamber’s geometry.
With the increase in the chamber, the greater its height and the smaller its length, and the
lesser energy is converted.

Figure 16 shows the results of the highest accumulated hydropneumatic power for all
cases. When comparing the cases of three and four CC, it is possible to identify a slight
power difference noticeable that the case with three CC of higher performance presents a
greater accumulated power than the case with four chambers.
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The results of Figure 16 show that the addition of five coupled devices converts more
hydropneumatic power than the other cases with a lower number of coupled chambers.
The geometric analysis of the structure determines the configuration that presents the
maximum hydropneumatic power converted for all the analyzed cases. It is a helpful tool
in construction projects of devices converting the energy of the sea waves in the function of
its large structures.

Using the Constructal Design method associated with the exhaustive search method
was decisive for analyzing the data. The geometric variation defined through the method
and the analysis of degrees of freedom and performance indicator results showed the avail-
able power converted when only cases ranging from one to five coupled hydropneumatic
chambers were analyzed.

The case with the highest performance within the displayed range, with five chambers
coupled and geometry with the ratio Hn/Ln = 0.2613 (Hn = 4.1335 m and Ln = 15.8219 m),
led to a hydropneumatic power of [Phyd]opt = 30.8 kW. The lowest performance case has
one chamber, and the ratio Hn/Ln = 0.2613 (Hn = 4.1335 m and Ln = 15.8219 m) conducting
to a hydrodynamic power of [Phyd]opt = 200 W.

Another aspect obtained through the results presented is a theoretical recommendation
using the parameters height and wavelength referenced in the numerical investigation.

The geometric configurations that present the maximum conversion are within the
range 16 (H/λ) < Hn/Ln < 32 (H/λ). This range is the theoretical recommendation for the
cases of coupled devices, based on the interval that led to the highest performance for each
number of coupled devices (0.25 < Hn/Ln < 0.50). Thus, the Constructal Design method
associated with the exhaustive search optimization method proves to be a handy tool for
analyzing devices with multiple coupled chambers and understanding the effect of design
and the number of chambers on device performance.

7. Conclusions

The present work carried out a numerical study of an OWC wave energy converter,
considering different numbers of coupled devices. The objective of the investigation
was to evaluate the influence of the geometric variation and the number of coupled
hydropneumatic chambers, keeping the volume of the device constant over the available
hydropneumatic power converted by the devices.

The studies carried out applied the association of computational modeling with
Constructal Design and Exhaustive Search. The first is based on CFD, which approaches
the mass and momentum conservation equations in differential form through a system
of algebraic equations and uses the VOF methodology, which reproduces the interaction
between the fluids involved in the numerical simulation. The exhaustive search method
allows one to go through all the results and discover the geometric arrangement with the
highest performance of each coupled chamber number into the search space defined with
Constructal Design.

As part of the Constructal Design method, degrees of freedom were defined as H1/L1,
H2/L2, H3/L3, H4/L4, and H5/L5. The problem restrictions in question were defined as the
volume of the hydropneumatic chambers (VE1, VE2, VE3, VE4, and VE5), the volume of each
hydropneumatic chamber added to the turbine duct volume (VT1, VT2, VT3, VT4, and VT5),
and the thickness of the columns that divide the devices, which are kept constant (e1, e2, e3,
e4, and e5).

The results for pressure, mass flow rate, and available hydropneumatic power were
analyzed. All the results were presented for each of the studied geometries. The dimension
variations of the hydropneumatic chambers are responsible for the increase or the decrease
in pressure and mass flow rate, also associated with the oscillatory movement of the waves
inside the chambers, thus creating the piston effect that varies along with the geometries.

The pressure and mass flow rate have an important influence on the estimate of
hydropneumatic power. This aspect can be attested by the range of geometric ratios
in which the highest performance cases are the same for the three parameters. In all
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configurations of coupled chambers, a maximum point was verified in the power results.
These results show the tendency to achieve one point of optimal performance of the
length/height ratio of the hydropneumatic chamber.

The results show that as the number of chambers increases, the performance indicator
has higher values for the present conditions studied. Therefore, devices with five coupled
chambers led to the highest magnitudes of hydropneumatic power. In all cases analyzed,
the optimal values were always in the range 0.25 < Hn/Ln < 0.50. For a lower number of
coupled chambers, these magnitudes of the ratio Hn/Ln were in the same range reached
by other authors, e.g., Lima et al. [19,20]. The difference of the available hydropneumatic
power for the optimal and worst cases, within the range of values Hn/Ln investigated, was
85.4%. The geometries and powers of these cases show that Hn/Ln = 0.2613 (Hn = 4.1335 m
and Ln = 15.8219 m), [Phyd]opt = 30.8 kW and [Phyd]opt = 4.5 kW for the higher and lower
hydropneumatic power, respectively.

Thus, it is inferred that with the analysis of the insertion of hydropneumatic chambers,
keeping the input volume constant, devices with five chambers coupled have an increase
in the energy conversion superior to the other cases with fewer chambers. Future work
must analyze the variation in degrees of freedom involving the turbine ducts and thus
determine the complete geometric configuration (hydropneumatic chamber plus turbine
duct) that conducts the highest hydropneumatic power.
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Nomenclature

Parameters
VEn Volume of the hydropneumatic chambers m3

VTn Total volume m3

en Thickness of the columns m
Hn Height of the hydropneumatic chambers m
Hj Height of the turbine duct m
Ln Length of the hydropneumatic chambers m
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ln Length of the turbine duct m
Hdepth Device’s submersion depth m
T Period of wave s
H Height of wave m
h Depth m
A Amplitude m
t Time s
→
v Flow velocity vector m/s
Pe,air Static pressure Pa
LT Tank length m
HT Tank height m
u Velocity in the x direction m/s
z Velocity in the y direction m/s
At Area of each volume m2

C1 Linear damping coefficient -
C2 Quadratic damping coefficient -
x, z Spatial coordinates m
P Pressure Pa
.

mair Air Mass flow rate kg/s
Phyp Hydropneumatic Power W
Subscripts and abbreviations
WEC Wave Energy Converter
OWC Oscillating Water Column
FVM Finite Volume Method
VOF Volume of Fluid
CC Coupled Chambers
RANS Reynolds Averaged Navier-Stokes
JONSWAP Join North Sea Wave Project
CFD Computational Fluid Dynamics
PDE Partial Differential Equation
FDM Finite Difference Method
PRESTO Pressure Staggering Option
PISO Pressure Implicit Split Operator
2D Two-dimensional
3D Three-dimensional
RMS Root Mean Square
opt Optimized
fs Free surface
b Bottom
s Start
e End
Greek letters
λ Wavelength m
η Free surface elevation m
αq Volume fraction −
ρ Density kg/m3

µ Viscosity kg/m.s

Appendix A

Table A1. Geometric variation in hydropneumatic chambers.

Cases Hn/Ln Hn (m) Hj (m) Ln (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



Appl. Sci. 2021, 11, 8630 22 of 24

Table A1. Cont.

Cases Hn/Ln Hn (m) Hj (m) Ln (m) lj (m)

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 divides the devices, with five coupled
chambers.

Cases H2, H3, H4, H5, (m) H1/L1; H6/L5 Hj (m) L1; L5 (m) lj (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. Thickness of the columns that divide the devices, with five coupled chambers.

Cases en(m) H1/L1; H6/L5 H2, H3, H4, H5 (m) Hj (m) Ln (m) lj (m)

1 0.1000 0.2613 4.1335 9.1698 15.8219 3.0566
2 0.3164 0.2613 4.1335 9.1698 15.8219 3.0566
3 0.9493 0.2613 4.1335 9.1698 15.8219 3.0566
4 1.2658 0.2613 4.1335 9.1698 15.8219 3.0566
5 1.5822 0.2613 4.1335 9.1698 15.8219 3.0566
6 1.8986 0.2613 4.1335 9.1698 15.8219 3.0566
7 2.2151 0.2613 4.1335 9.1698 15.8219 3.0566
8 2.5315 0.2613 4.1335 9.1698 15.8219 3.0566
9 2.8479 0.2613 4.1335 9.1698 15.8219 3.0566

10 3.7973 0.2613 4.1335 9.1698 15.8219 3.0566
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