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NOMENCLATURE

A wave amplitude, m;

Ay ramp area, mz;

CFD  computational fluid dynamics;
g gravity, m/s?;

h channel depth, m;

H wave height, m;

H, ramp height, m;

k number of waves;

Ly ramp length, m;

Lr reservoir length, m;

MFV  method of finites volumes;
S dispositive depth, m;

t time, s

T wave period, s;

TD table data;

T viscous stress tensor, N/mz;
u horizontal velocity, m/s;
UDF  user defined function;

ABSTRACT

This work presents a numerical study to evaluate the difference between the
fluid dynamic behavior of an overtopping device subjected to the incidence
of a realistic wave when compared to a regular one; being this regular wave
representative of the considered realistic sea state. To do so, the FLUENT
software was employed, which is a Computational Fluid Dynamics package
based on the Finite Volume Method. The regular wave was generated
through a User Defined Function (UDF) that imposes its velocities
components as boundary conditions of prescribed velocity. On the other
hand, for the realistic wave it was used a methodology to impose the
realistic components velocities from transient discrete values, named Table
Data (TD) in FLUENT software. For both cases the Volume of Fluid (VOF)
multiphase model was applied in the treatment of the water-air interaction.
The results showed that the amount of water accumulated in the reservoir
for the realistic sea state was 2.46 higher than for the regular wave. This is a
relevant finding, since several researches about Overtopping device
efficiency were promoted considering only the incidence of regular wave.
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v velocity vector, m/s;

% vertical velocity, m/s;
VOF  volume of fluid,;

WEC  wave energy converter
X, Y,z cartesian coordinates, m

Greek symbols

volume fraction;

wave length, m;

wave frequency, 1/s;
free surface elevation, m;
viscosity, kg/ms;
density, kg/m3.
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INTRODUCTION

Currently there is a growing demand for energy
to supply the humanity. This happens mainly due to
the population growth in underdeveloped countries
and the consumerism in developed countries (Fontana
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et al., 2015). According to the Living Planet Report
(2016), since 1971 the mankind’s demand was
become greater than the planet ability to regenerate.
Therefore, a change in a pattern of consumption,
technologies and infrastructure is necessary in order
to change this tendency.

In the context of technologies and infrastructure
the renewable energy sources can be applied. Among
them, one which still unexplored is the ocean wave
energy. According to Espindola and Araujo (2017)
the average energy potential of the oceanic waves in
the Brazilian coast is estimated at 12.01 kW/m and an
Overtopping device in the southern region of the
country can reach productions of up to 10.42 GWh.
In addition, the ocean of the Brazilian coast presents
low temporal variation, which is good to the project
and installation of the Wave Energy Converters
(WEC).

The Overtopping device consists basically of a
ramp, a reservoir and a turbine for converting the sea
wave energy into electrical energy. The waves
propagate, climb the ramp and fill the reservoir
creating a water column height; this water is directed
to the turbine that generates electricity (Fleming,
2012). The Fig. 1 illustrates the operating principle of
this device.
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Figure 1. Diagram of the operating principle of an
Overtopping device.

There are many articles in the literature relating
about the WECs. Most of then use the computational
approach. Some important contributions about the
Overtopping devices and methods for numerical
wave generation, which are the focus of the present
study, will be presents bellow.

Margheretini et al. (2012) developed a
numerical study of geometric optimization of a multi-
stage overtopping device in order to evaluate the
viability of implementing this converter at the
Hanstholm port in Denmark. The WOPSim software
was used and the incidence of irregular waves was
considered on the device using the JONSWAP
spectrum.

In Martins et al. (2016) a numerical study
evaluating the difference in the results of an
Overtopping device under the incidence of a
monochromatic wave or wave spectrum was
presented. For the numerical solution, a CFD code
based on MVF was used. The multi-phase VOF
model was used to treat the water-air interaction.

Suzuki et al. (2017) evaluated the applicability
of the SWASH model for transforming incident
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waves into an Overtopping device. The governing
equations of a SWASH model are the non-linear
shallow water equations with additional non-
hydrostatic effects.

In Machado et al. (2017) a real-scale and a
laboratory-scale wave tank were analyzed to evaluate
a new method of imposing the velocity boundary
condition for regular wave generation using transient
discrete values. To realize this study, FLUENT
software was used, which is a CFD package based on
MVF.

Martins et al. (2017) evaluated the geometry of
an Overtopping WEC using the Constructal Design.
The equations of mass conservation, momentum and
transport of the volumetric fraction of water were
solved in FLUENT. The multi-phase VOF model was
used to treat the water-air interaction.

Han et al. (2018) a multi-stage overtopping
WEC device and the effect of change some
dimensions. For this work, they used the FLUENT
software and developed a numerical wave tank based
on the VOF model, considering the incidence of
regular waves on the device.

In this context, the present work deals with the
incidence of a realistic sea state over an Overtopping
converter using the methodology proposed by
Machado et al. (2017). The results will be compared
to those obtained by the incidence of a regular wave
representative of this realistic sea state, i.e., a regular
wave with height and period defined, respectively, as
the significant height and peak period of the realistic
sea state. The transient discrete values used to
generate de realistic sea state were obtained using the
methodology proposed by Oleinik (2017) for a wave
located on the coast of the Ingleses beach, on the
Island of Florianépolis — SC. The start of the wave
tank has coordinates 27°25°59.1” S and 48°23’19.6”
W while its end touches the coast at 27°26°6,16” S
and 48°23°28.5” W.

The main objective of this study is to evaluate
the differences in the fluid dynamics behavior of the
Overtopping device when subjected to these two
situations: realistic waves of a sea state and regular
waves representative of this sea state.

To do so, the study will be considered the
optimum geometry proposed by Martins (2016) for
monochromatic waves with some adaptations. The
ramp of the device have the ratio H,/L; = 0.33, the
distance from the bottom of the device to the bottom
of the numerical wave tank is 3.5 m and the length of
the reservoir is Lg = 20 m.

PROBLEM DESCRIPTION

As aforementioned, the analyzed problem
consists of an Overtopping WEC device into a
numerical wave tank, as shown in Fig. 2. The wave is
generated by imposing the prescribed velocity on part
of the left lateral surface (green line) of the numerical
wave tank. The both cases analyzed (realistic and
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Figure 2. Computational domain ilustration.
regular waves), in this work, have different using the FLUENT software, which is based on

methodologies for the application of the prescribed
velocity. It is important to note that Machado et al.
(2017) compared the generation of a regular wave
with the two different models: employing the velocity
wave components by means its equations as User
Defined Function (UDF) in FLUENT or imposing
transient discrete data for the velocity wave
components by the Table Data (TD) in FLUENT. It is
important to highlight that there is no significant
difference between the generated regular waves with
these methodologies.

As can be seen in Fig. 2, the bottom is inclined
and this slope was defined by the bathymetry of the
region in which the discrete realistic values of the
velocities u and w were obtained. Moreover, the
computational domain was divided into three regions
that will be treated and discretized in different ways.
Region 1 is the wave generation and propagation
region; Region 2 is the region of the device where the
interaction among water, air and structure occurs; and
the region 3 is the place where the numerical beach is
added to dampen the wave and prevent the
phenomenon of wave reflection.

According to Machado et al. (2017), the
methodology using transient discrete values, also
called in FLUENT of Table Data, presents a
particularity in the computational domain: the surface
where the prescribed velocity boundary condition is
imposed, through u and w components, must be
divided into sub-regions, as shown in Fig. 3.
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Figure 3. Detail of sub-regions needed to impose the
wave velocity components as boundary conditions
(Machado et al., 2017).

The GAMBIT software was used for
construction and discretization of the computational
domain. The numerical simulations were performed
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MFV. The multi-phase VOF model was used to treat
the water-air interaction.

MATEMATHICAL MODEL

As before mentioned, two different methods
were used for wave generation. The first one, which
uses a UDF in FLUENT, allows generation of regular
waves. The second one, which in FLUENT employs
the Table Data tool, allows both generation of regular
and realistic wave, according to Machado et al.
(2017).

The first method is based on the imposition of
equations representing the components u and w of the
velocity of a regular wave. In FLUENT this is
possible due to the UDF tool. This methodology is
widely used, as in the Machado et al. (2017), Martins
etal. (2017), and Han et al. (2018).

The regular wave used in the present work
represents the realistic sea state (second method)
obtained by Oleinik (2017), having the following
characteristics: peak period T = 11.1 s, significant
height Hs = 0.355 m, and length A = 96.9 m. This
regular wave will be represented by the Second Order
Stokes theory, because according to Chakrabarti
(1987) this is the theory that best applies to these
characteristics in a propagation depth of 8.5 m. Thus,
according to the Dean and Dalrymple (1991) the
horizontal and vertical velocity components of the
wave were given, respectively, by: boundary
condition of prescribed velocity is given by the
following equations:

cosh(kz +kh)
ocos(kh)

Aok cosh21<(h+z)
sen” (kh)

wWe A I(sinh(_kz+kh)
osin(kh)

. sinh2k(h +z)

+A ok ——————=sin2(kx — ot)
cos” (kh)

u = Agk cos2(kh—ot)+
cos2(kx—ot) (1)
sin(kx —ot) +

()

where u and w are the horizontal and vertical
components of wvelocity (m/s), A is the wave
amplitude (m), g is the gravitational acceleration
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(m/s?), k is the wave number given by k = 27/A, h is
the depth (m), A is the wave length (m), T is the wave
period (s), o is the frequency given by o = 2x/T (Hz),
X is the streamwise coordinate (m), t is the time (s)
and z is the normal coordinate (m).

Equations (1) and (2) are imposed as boundary
conditions of prescribed velocity by means the UDF
tool in FLUENT software.

Furthermore, according to Dean and Dalrymple
(1991) the equation representing the free surface
elevation of the regular wave is defined as:

n= %cos(kx —ot)+

, kcosh(kh)
H m(2+cosh(2kh)) cos2(kx—ot) (3)

where n is the free surface elevation (m) and H is the
wave height (m).

Equation (3) can be used to verify the
computational model proposed to generate regular
waves.

The second method allows generating irregular
waves reproducing a realistic sea state by the use of
the methodology proposed by Machado et al. (2017).
For this, the segment for the imposition of the
velocity boundary condition must be divided into
many others segments (see Fig. 3) in which the
transient discrete velocities values obtained through
the methodology propose by Oleinik (2017) are
imposed.

By the use of Table Data methodology,
proposed by Machado et al. (2017), the data are
inserted into FLUENT through tables, called
Boundary Profiles, allowing discrete transient data, in
this case with realistic wave velocity components u
and w, imposed as boundary condition of prescribed
velocity.

In this work, the segment for the imposition of
the velocity boundary condition was sub-divided in
14 sub-regions, according to the values generated by
Oleinik (2017). In each one of this 14 sub-regions,
the components u and w are defined with a time step
of 0.05s.

COMPUTATIONAL MODEL

To realize this study, it is necessary to treat the
interaction between water and air. To do so, the
multi-phase methodology VOF will be utilized. This
method considers that the volume of one phase
cannot be occupied by another phase. To represent
each phase present in each control volume, the
volume fraction a is calculated. As the present work
considers only the interaction between two phases
(water and air), this fraction varies between 0 and 1,
where 0 indicates that the measured phase is not
present in that volume and 1 indicates that only the
measured phase is present in that volume. Therefore,
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Oair = 1 — Qyerer (Hirt and Nichols, 1981).

Furthermore, when the VOF is applied are
solved the equations of momentum and continuity
for each component of the flow in each control
volume. Besides, the volume fraction a is calculated
for each control volume in the entire computational
domain trough the transport equation for one of the
phases. Then, the following equations are solved
(Hirt and Nichols, 1981):

6(§V)+V (PW)=—Vp+V-(uT)+pd (4
X0 v (1) -0 ®)
a(gta)_'_v (pCCV) 0 (6)

where p is the fluid density (kg/m?), V is the veIOC|ty

vector of flow (m/s), W is the viscosity (kg/ms), 7 is
the viscous stress tensor (N/m2).

It is still important to note that the Egs. (4) and
(5) are solved for the mixture. Thus, it is necessary to

obtain the wvalues of density and viscosity,
respectively (Srinivasan et al., 2011):
P = Qwater Pwater + Xair Pair )
H = Qyater Hwater + Xair Hair 8)

Therefore, the equations used in this work are
numerically solved using the FLUENT software,
which is a commercial code based on MFV (Fluent,
2016). To the treatment of the advective terms in the
momentum equation it was adopted the first order
upwind scheme, while pressure spatial discretization
was performed using the PRESTO method. The
COMPRESSIVE method is applied to the volume
fraction. Regarding the pressure-velocity coupling the
PISO method was adopted. Furthermore, the sub-
relations of mass and momentum conservation
equations of 0.30 and 0.70 were employed,
respectively.

RESULTS AND DISCUSSIONS

The mesh convergence test and the
computational model verification were performed for
the regular wave. The same mesh was adopted in the
numerical simulation with realistic data, as in
Machado et al. (2017).

As earlier mentioned, the spatial discretization
was differently treated for each region shown in Fig.
2. In the wave generation and propagation region
(Region 1 in Fig. 2) and in the numerical beach
region (Region 3 in Fig. 2) it was used the same
discretization formed by square computational cells,
while the region of the Overtopping device (Region 2
in Fig. 2) it was discretized with triangular cells
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forming an irregular mesh. This discretization with
irregular triangle mesh was used because it is the one
that best adapts to complex geometry, as indicated by
lahnke (2010) and Machado (2012).

For the numerical model verification, the free
surface elevation obtained through the computational
simulation was compared with that generated by Eq.
(3). For this, three different spatial discretization
were tested. For each one the Mean Absolute Error
(MAE) was defined comparing the obtained
numerical result and the analytical result from
Second Order Stokes theory, given by Eqg. (3). Table
1 presents the computational cell size, the total
elements of the mesh and the MAE value for each
analyzed mesh.

Table 1. Mesh quality study

Cell Size (m) Mesh Elements | MAE (%)
0.7 7,308 13.65
0.5 15,504 5.31
0.3 41,440 2.02

With the results shown in Tab. 1, the spatial
discretization by the mesh with 0.30 m regular
squares for Region 1 and 3 and 0.30 m irregular
triangles for Region 2 was chose to use. The obtained
numerical result with this mesh is compared to the
analytical one in Fig. 4.

In order to compare the fluid dynamic behavior
of the Overtopping WEC over the incidence of
irregular waves representing a realistic sea state and
regular waves representative of this realistic sea state,
both situations are presented in Fig. 5 for the
instantaneous mass flow rate of water at the reservoir
and in Fig. 6 for the free surface elevation. It is
important to mention that the mass flow rate of water
was obtained considering the wave tank with a unit
width (1 m).

As can be observed in Fig. 5, near to 900 s of
simulation the reservoir began to overflow for the
case of realistic sea state (blue line), in this way all
carried out evaluations in the present study consider
only the data collected until the time of 850 s. It can
be observed that for regular wave there is a more
stable behavior of the mass flow rate, always with
smaller values and at approximately constant time
intervals. However, for the realistic sea state, the
peak flow values were larger and with a lot of

0.3

02 '\I ] "'I

L S R

Free Surface Elevation (m)

—Numerical Selution
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variation.

Furthermore, it is possible to evaluate the two
main flow peaks for the realistic sea state. The first
one occurred at 326.72 s and the second one at
701.23 s with values of 1,254.17 kg/s and 1,383.62
kg/s, respectively (see Fig. 5). Considering the
celerity of the wave (MT = 8.72 m/s) and the distance
between the elevation monitor and the input of the
reservoir (145 m) it is possible to conclude that the
wave heights that promote these peak flows are
detected in the elevation monitors at times 310.90 s
and 684.60 s. These instants are shown in Fig. 6 and
the corresponding heights are 0.74 and 1.17 m,
respectively.

It is still important to evaluate that for the
regular wave the first peak occurred at t = 31.60 s,
with a value of 216.83 kg/s. For the realistic sea state,
the first peak occurred at t = 32.72 s with a value of
63.82 kgf/s. Figure 7 shows the hydrodynamic
behavior of the analyzed problem for the mentioned
instants. It should be noted that the red color indicates
the presence of water and the blue color indicates the
presents of air.

As can be seen in Fig. 7, in both cases, the
overtopping started almost at the same instant of
time, but the initial mass flow rate was higher for the
regular wave than for the irregular realistic wave.

The maximum mass flow for the regular wave
was obtained at time t = 53.50 s with the value of
293.46 kg/s, while for the realistic wave the
maximum value obtained for the mass flow was
1,383.62 kg/s and occurred at time t = 701.23 s (see
Fig. 5). The Figure 8 shows the hydrodynamic
behavior of the analyzed problem for both instants of
time.

It is possible to observe in Fig. 8 that the
maximum values were detected at different time in
each case, in addition the maximum mass flow rate
was 4.71 times higher for the realistic wave than for
the regular wave.

Furthermore, it is important to note that the total
amount of water in the reservoir in the instant of
850 s was 25,540.37 kg for the representative regular
wave and 62,953.76 kg for the realistic sea state,
indicating that the amount of water that entered in the
reservoir was 2.46 times higher for the realistic sea
state than for the representative regular wave.
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Figure 3. Comparison between the numerical solution and the analytical solution.
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Figure 4. Comparison between the mass flow rate for each one of the methodologies applied.
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Figure 5. Comparison between the free surface elevation for each one of the methodologies applied.
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Figure 7. Hydrodynamics behavior of the device in the first peak of mass flow to each applied methodology.
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Figure 8. Hydrodynamics behavior of the device in the maximum peak of mass flow for each applied
methodology.

CONCLUSION

The present work presented a comparison of the
behavior of an Overtopping WEC device over the
incidence of an irregular wave (reproducing a
realistic sea state) and a regular wave (representative
of this realistic sea state). In FLUENT software, the
irregular wave was generated through the prescribed
velocity boundary condition imposed by the Table

Data methodology and the regular wave had the
prescribed velocity boundary condition imposed by
the UDF methodology.

Concerning the instantaneous mass flow, for the
representative regular wave the peaks are smaller and
more stable (with low variation) than for the realistic
sea state. In addition, the maximum mass flow rate
peak for the realistic wave was about 4.71 times
greater than for the regular wave.
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In relation to the behavior in time, the two
methodologies presented similar results regarding the
instant of time when the first overtopping occurred.
However, the instant when the maximum mass flow
occurred had a difference about 648 s from the
irregular wave to regular wave.

Considering the amount of water that entered
into the reservoir, it can be observed that for the
period of 850 s entered 2.46 times more water for the
realistic sea state than for the representative regular
wave.

It is important to note that this is the first study
comparing the effects of the incidence of a realistic
sea state over an Overtopping device. The significant
difference found between the hydrodynamic
behaviors of two situations indicates the importance
of performing others studies about this theme.
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