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Abstract. Present numerical work performs the geometrical evaluation of an overtopping wave energy conversion with
a coupled structure (rectangular obstacle) mounted on the seabed of a real scale wave tank by means of Constructal
Design. It is simulated the main operational principle of device. The main purpose here is to evaluate the design of the
overtopping that maximizes the water accumulated into reservoir. The problem studied has been subject to three
constraint areas (tank, overtopping ramp and seabed placed rectangular obstacle) and two degrees of freedom:
height/length ratio of the ramp (Hs/Ls) (or ramp slope) and distance between the bottom of wave tank and the device
(Hy1). Conservation equations of mass, momentum and one transport equation for volume fraction of water are solved
with the finite volume method. To tackle with water-air mixture, multiphase model Volume of Fluid is used. Results
indicated that the variation in the obstacle height (H1) influenced the effect of the ratio Hs/Ls over the mass accumulated
in the reservoir, as well as, change the optimal configuration of the ramp. The insertion of rectangular obstacle reduced
in almost 9 times the mass of water accumulated in the reservoir in comparison with a case without obstacle.

Keywords: Constructal Design, Numerical Simulation, Geometric Evaluation, Overtopping Device, Wave Energy
Converter.

1. INTRODUCTION

Present study is concerned with geometrical assessment of an overtopping wave energy converter (OWEC). Its main
operational principle consists on the water accumulation into a reservoir raised above the sea level. The water overtops
the inclined ramp and enters into the reservoir. The accumulated water returns to the sea passing through low head
hydraulic turbines generating electricity (Kofoed et al., 2006).

Several contributions about the design of OWECSs have been presented in literature (Kofoed et al., 2006; Victor et al.,
2011; Musa et al., 2017). In spite of important contributions, few works have been performed using Constructal Design,
which is a method for prediction of design of any finite size flow system based in a physical principle (Constructal Law
of design and evolution) of maximization of access to its internal currents (Bejan, 2000; Bejan and Lorente, 2008, Bejan,
2016).

Among the few contributions into Constructal Design framework for geometrical evaluation of OWECs, it is possible
to mention the work of Dos Santos et al., (2014), which determine the influence of geometry on the performance of an
offshore overtopping device in laboratory scale to three different relative depths (/4 = 0.3, 0.5 and 0.62). Results showed
that the optimal ratio between height and length of the ramp, (Hi/L1)o, had a strong dependence of the relative depth,
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indicating the absence of a best universal geometry. Afterwards, Goulart et al., (2015) performed a two-dimensional
numerical study about the effect of the ramp geometry on the performance of a nearshore overtopping device in real scale
employing Constructal Design. It was investigated the effect of height to length ratio of the ramp (Hi/L1) over the mass
of water (m) entering in the reservoir along a time interval of t; = 100.0 s for two different depths (S = 5.0 m and 6.0 m).
For all cases, it is considered a construction area for the ramp (¢ = 0.012) and subjected to a monochromatic wave with
T=7.5sand H=1.0 m. Results obtained in this work led to different effect of the ratio Hi/L; over the mass that overtops
the device in comparison with previous work of Dos Santos et al. (2014). Afterwards, Martins et al. (2018) extrapolated
the studied performed in Goulart et al. (2015) for different magnitudes of ramp area (0.006 < ¢ < 0.024) and different
submergences (S) of device. Important recommendations about the design were achieved, e.g., results showed for fixed
magnitudes of submergence that the best performance was reached for the lowest magnitudes of ramp slope. Moreover,
for some fractions of area, intermediate submergences led to the best performance. In the three works, a computational
model based on the FVM and VOF was employed to tackle with water/air multiphase flow. In the present work, it is
investigated the influence of a rectangular seabed structure coupled with the ramp over the performance of the device.

Present numerical work has the purpose to evaluate the geometry by means of Constructal Design associated with
Exhaustive Search of an onshore OWEC coupled with a rectangular obstacle placed in the seabed of a wave tank in real
scale. It is considered a two-dimensional tank with an onshore OWEC subjected to the incidence of monochromatic
waves. Here, it is evaluated the distance between the bottom of wave tank and the device (H:) and the ratio between the
height and length of ramp (Hs/Ls), over the mass of water that overtops the ramp.

2. MATHEMATICAL AND NUMERICAL MODELING

The physical problem consists on a two-dimensional wave tank with an onshore OWEC coupled with a rectangular
obstacle placed in the seabed, as can be seen in Fig. 1. Concerning the problem dimensions, it is considered a water layer
of h = 10 m, height and length of wave tank of Hr = 20 m and Lt = 320 m. The oncoming monochromatic wave has a
wavelength of 2 = 65.4 m, a period of T = 7.5 s and height of H = 1.0 m. For the initial condition, the fluid is at rest.

Concerning the boundary conditions, the wave is generated by an imposition of velocity field in the left surface of the
channel (red lines in Fig. 1), mimicking a wavemaker. For the other boundary conditions, the superior region of left side
surface and the superior surface are considered at atmospheric pressure Py = 0 atm (blue lines in Fig. 1). In the lower and
right surfaces, as well as, in the overtopping device surfaces (green and pink lines in Fig. 1) it is imposed a non-slip
condition and impermeability (u = w = 0 m/s). Regarding the initial conditions, it is considered that the fluid is at rest and
the depth of water layer is h = 10.0 m. The device is considered fixed for each magnitude of H studied in the present
work.

For geometrical evaluation, the problem has three constraints: total area of wave tank (Ar), fraction area of the ramp
given by the ratio between the ramp area (Ar) and total area of the tank (¢ = A//Ar = 0.012) and fraction area of the obstacle
placed given by the ratio between obstacle area (A;) and total area of the tank (¢, = A/Ar = 0.006). Moreover, the following
degrees of freedom are defined: Hr/Ly, Ha/Ls and Hi (submergence). In the present work the ratio Ha/Ls is varied for two
different magnitudes of Hi, while H/L+ is kept constant. There is also a geometric constraint so that the wave crest does
not exceed the height of the device, thus preventing overtopping, so it is necessary that (Hi+Hz) > (h + H/2).
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Figure 1 — Computational domain of wave tank with overtopping device and rectangular obstacle.

According to Constructal Design, the geometric evaluation is subjected to three constraints, these being, the total area
of wave tank,
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The main purpose is to maximize the amount of mass that overtops the device. Therefore, it is monitored the mass
flow rate that overtops the ramp at each instant of time and accumulates in the reservoir. From the mass flow rates (7z) as
function of time, it is possible to determine the total amount of mass of water that enters in the reservoir by:

1
m=—/lnédt (6)
%W

where t; is the period of time of the studied problem (s) and sz is the mass flow rate (kg/s). For all studied cases, it is
considered a period of t; = 100.0 s.

The optimization process consists on the association between Constructal Design and Exhaustive Search, where the
former is used to define the search space and the performance indicators and the latter is responsible for sweeping of the
search space. Figure 2 illustrates the flowchart of the simulated cases in the present work. The first step consists on the
variation of the ratio Hs/Ls for constant values of H; = 3.0 m and ¢ = 0.012. The highest magnitude of mass of water (m)
that enters in the reservoir is the once maximized mass of water, mm, and the corresponding optimal ratio of Hs/Ls is the
once optimized ratio Ha/Ls, (Hs/Ls)o. The second step consists on the repetition of step one for other magnitudes of Hj,
founding the twice maximized mass of water entering in the reservoir, mmm, and the corresponding optimal degrees of
freedom: once optimized magnitude of Hi, (H1), and the twice optimized ratio of Ha/Ls, (Hs/L3)eo. Here, only two different
magnitudes of Hj are investigated due to the high computational effort for each simulation. It is also worthy to mention
that, changes in the magnitude of Hi can led to modifications in the range of possible geometries represented by the ratios
of Ha/Ls studied.
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Figure 2 — Flowchart of performed simulations in the geometric evaluation of the studied overtopping device.
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The incompressible, isothermal, laminar and incompressible multiphase flow of air/water mixture is modeled with
the conservation equations of mass, momentum and one equation for volume fraction of water (Schlichting, 1979; Hirt
and Nicholz, 1981; Lv et al., 2011).

The conservation equation of mass for the mixture air/water is given by:

op

— + V() = 7

=+ V(o) =0 ")

where p is the density of the mixture (kg/m?) and # is the flow velocity vector (m/s).
Momentum equation for the mixture is given by:

d _
5; P FVW) =-p+ V@D +pg ®)

where p is the pressure (N/m?), pg is the buoyancy forces (N/m®) and T is the stress deformation tensor (N/m?). Values
of air and water properties are given respectively by: pair = 1.225 Kg/m?®, puater = 998.200 kg/m3, zair = 1.789 x 107 kg/(ms),
twater = 1.003 x 107 kg/(ms).

To tackle with the interface water/air it is employed the Volume of Fluid (VOF) method (Hirt and Nichols, 1981).
Therefore, the concept of volume fraction (ag) is used to represent the two phases in a control volume. In this model, the
sum of the volume fractions within a control volume must be unitary (0 < aq < 1). Consequently, if owaer = 0, the control
volume is empty of water and full of air (cair = 1). If the fluid is a mixture of air and water, one phase is the complement
of the other, aair =1- awater. Thus, only one additional transport equation for the volume fraction is required (Hirt et al.,
1981; Lv et al., 2011):

a(a Wafﬁ'f)

ot + V({;awater)zo (9)

Conservation equations of mass and momentum are solved for the mixture. Therefore, it is necessary to obtain
density and viscosity values for the mixture, which can be written, respectively, by:

pP= aa’guapa'gua+aarpar (10)

n= aa’gua:ua'gua+aanuar (11)
Regarding the wave generation, a velocity profile is imposed at the left side surface of the wave tank (see red line in
Fig. 1), simulating the behavior of a wavemaker (Horko,2007). Velocity components in the wave propagation (x) and

vertical (z) directions imposed in the left surface of the domain are based on Stokes 2™ order wave theory and given,
respectively, by (Chakrabarti, 2005):

Hgk cosh k(h+z) 3Hck cosh 2k(h+z)
)= — 7 -0t )+ 2 (kx-ot 12
ulx,z) %0 cosh(ih) cos (kx-ot) T T cos 2 (kx-ot) (12)

Hgk sinh k(h+z) 3H? ok sinh 2k(h+z)
Z)=— —————— i, -0t )+ in 2 (kx-ot 13
wk,z) 20 cosh(i) sin (kx-ot) T i T sin 2 (kx-ot) (13)

where H is the wave height (m), h is the water depth (m), T is the wave period (s) and t is the time (s).

For each geometrical configuration, the conservation equations of mass and momentum for mixture of water/air and
one transport equation of volumetric fraction of water are solved with the Finite Volume Method (FVM) (Patankar, 1980).
More precisely, it is employed the Software FLUENT, version 14 (FLUENT, 2013). The solver is pressure based and
PI1SO method is used for coupling pressure-velocity. Concerning the solution of advection terms, it is employed Upwind
scheme and Geo-reconstruction method is used for reconstruction of volume fraction.

The solution is considered converged when the residuals of all equations are lower than 10, Discretization of the
computational domain is performed with rectangular finite volumes, as can be seen in Fig. 3. The highest refinement is
performed in device surfaces and wave free surface, i.e., the regions where the highest velocity gradients are noticed. In
the study of Gomes et al. (2012) it is presented a theoretical recommendation about the number of finite elements
employed along the domain, mainly in the wave length and height directions, which is adopted in the present study. In
this sense, a grid with nearly 92,800 rectangular finite volumes is generated. Moreover, a time-step of Az = 0.05 s is
employed in all simulations. It is worthy to mention that the values employed for spatial and time-discretization are similar
to that employed in the works of Goulart et al. (2015) and Martins et al. (2018) for an overtopping without seabed obstacle.
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All simulations are performed using a computer with two dual- core Intel Core processors i7-4960X 3.60 GHz and
32 GB of RAM. The processing time for each simulation is approximately 2.88 x 10* s (8 h).

Figure 3 — Spatial discretization of the computational domain for the numerical simulation of the overtopping device.
3. RESULTS AND DISCUSSION

In the present study, two different magnitudes of H; are investigated (H; = 3.0 m and 3.5 m). Firstly, it is obtained
the behavior of the mass flow rate of water that enters in the device reservoir as a function of time. For H; = 3.0 m the
ratio Hs/Ls is investigated in the range (0.4 < Hs/Ls < 0.75). Figure 3 shows the instantaneous mass flow rate for three
different ratios of Ha/Ls when H; = 3.0 m. As can be noticed, there is only few occurrences of overtopping in the device
for the different ratios of Ha/Ls investigated. For Hs/Ls = 0.4 (the lowest magnitude possible for H; = 3.0 m) only two
peaks of mass flow rate are noticed for the instants of time t = 57.0 s and 65.5 s, where the first peaks are noticed. For
Ha/Ls = 0.45 four peaks are noticed with higher intensity and when Has/Ls = 0.5 there is no more overtopping. Concerning
the highest magnitudes of mass flow rate, when Has/Ls = 0.45 it is achieved magnitudes of almost 1,400 kg/s of mass flow
rate, while for Hs/Ls = 0.4, the highest magnitude decreases to nearly 800 kg/s. In general, results indicated that the
extreme inferior ratio of Ha/Ls is not the best configuration, different from previous observations of Goulart et al. (2015)
and Martins et al. (2018) for the overtopping without seabed obstacle, which achieved the optimal configurations for the
lowest possible magnitudes of Hs/Ls. When present results are compared with those found in Goulart et al. (2015) and
Martins et al. (2018) for the same fluid dynamic and geometry conditions, it is possible to observe that the insertion of
the obstacle smoothed the time interval of each occurrence of overtopping, as well as, the number of occurrences for the
same period of analysis (t = 100.0 s).
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Figure 4 — Mass flow rate as function of time for different ratios Ha/L; and Hy = 3.0 m.
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For the case with H; = 3.5 m, the range of the studied ratios of Hs/Ls changed for 0.3 < Hs/Ls < 0.75. It is worthy to
mention that for H; = 3.0 m due to the restriction of height of ramp and device, (Hi+Hs) > (h + H/2), it is impossible to
generate configurations with Hs/Ls < 0.4 for the previous case. Figure 5 shows the instantaneous mass flow rates for the
case with Hy = 3.5 m and three different magnitudes of Ha/Ls (Hs/Ls = 0.3, 0.35 and 0.4). In spite of the achievement of
lower magnitudes for each peak of overtopping, the number of occurrences and the time interval of each occurrence
increases, which can led to a higher amount of water entering in the reservoir in comparison with the cases with H; = 3.0
m. In this case, only the accounting of the total amount of mass can supply an adequate comparison. Among the three
compared ratios of Hi/Ls, it seems that the intermediate ratio of Ha/Ls = 0.35 led to the best performance for Hy = 3.5 m.
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Figure 5 — Mass flow rate as function of time for different ratios Ha/Lz and Hy = 3.5 m.

Figure 6 shows the effect of the ratio Hs/Ls over the total amount of water that overtops the ramp and enters the
reservoir. The accounting of the total mass entering in the reservoir consists on the employment of Eq. (6) along the time
interval of t; = 100.0 s. Results indicated that the best shapes are achieved for intermediate ratios of Hs/Ls, i.e., intermediate
slopes of the ramp. This behavior is different to previous findings of Goulart et al. (2015) and Martins et al. (2018) which
simulated real scale overtopping devices without the seabed obstacles. However, the behavior is similar to the results
reached by Dos Santos et al. (2014) for overtopping device placed in a laboratory scale wave tank. The behavior of Ha/L3
over m obtained here can be associated with wave flows reaching the ramp with low intensity. In the present simulations,
this decrease of flow intensity can be associated with the reflection and refraction effects imposed by the insertion of
rectangular obstacle. In spite of change of the optimal ratio from the lowest extreme ratio of Ha/Ls to an intermediate
ratio, for all cases, the highest magnitudes of the ratios Hs/Ls led to the worst performance, as expected. The comparison
between two different magnitudes of H; also indicated that the highest submergence of the ramp was beneficial in the
present configuration. The best shape reached for H; = 3.0 m is almost 30% better than the best configuration found for
H. = 3.5m.

For the same fluid dynamic conditions, a comparison between the best cases with rectangular obstacle and cases
without obstacle studied in the works of Goulart et al. (2015) and Martins et al. (2018) is performed. The best shape found
here led to an amount of accumulated water of m = 1,150 kg, while the best performance reached for cases without ramp
is nearly m = 10,000 kg, i.e., almost nine (9) times inferior. Therefore, results indicated that rectangular obstacles placed
in the seabed of the tank are recommended as a breakwater, not for wave energy conversion purposes. Probably, the
employment of obstacles placed in the seabed with low reflective and refractive behavior can improve the performance
of the system in comparison with cases without obstacle, working well for wave energy conversion purposes. In this
sense, studies about the influence of triangular and trapezoidal obstacles in the mass of water entering in the device are
recommended.



18" Brazilian Congress of Thermal Sciences and Engineering
November 16-20, 2020 (Online)

1400 T T T T T T T T T

$=0.012
1200 | ]

1000

800

m (kg)

600

400

200

0 L 1 L | L 1 h 1 L
0.30 0.35 0.40 0.45 0.50 0.55 0.60

HS/L;
Figure 6 — Effect of the ratio Hs/Ls over the mass of water (m) that enters in the overtopping reservoir.

4. CONCLUSIONS

The present numerical work performed a geometrical investigation of an onshore overtopping wave energy
conversion with a coupled structure of rectangular shape mounted in the seabed of a real scale wave tank. Constructal
Design was employed for definition of search space of geometric configurations and performance indicator. Moreover,
Exhaustive Search was used to sweeping the cases of investigation. Conservation equations of mass, momentum and one
equation for transport of volume fraction were solved numerically with the Finite Volume Method (FVM).

In general, results indicated that the use of rectangular obstacle in the seabed was not recommended to improve the
performance of wave energy conversion. The best shape reached here (H1 = 3.0 m and Ha/Ls = 0.44) led to a performance
almost nine (9) times inferior than similar cases without the use of obstacle, studied in the works of Goulart et al. (2015)
and Martins et al. (2018). Therefore, this kind of structure is more recommended for port defense structures.

Results also indicated that the effect of the ramp over the mass of water that enter in the reservoir changed
significantly in comparison with the cases without obstacles previously studied in the literature for real scale onshore
overtopping devices, see the works of Goulart et al. (2015) and Martins et al. (2018). Here, intermediate optimal slopes
for the ramp were achieved, which is a behavior similar to that found in Dos Santos et al. (2014) for overtopping devices
subject to waves with low intensity simulated in laboratory scale. Therefore, results indicated that this effect can be a
characteristic behavior of the effect of ramp over the mass of water that enters in the reservoir for wave systems of low
intensity. The achievement of optimal shapes with the lowest ratios of ramp slope and decrease of m with the augmentation
of Ha/Ls can represent the behavior of systems with high intensity. Future investigations should be performed to
corroborate these findings.

As future studies, the insertion of other shapes for the obstacles as triangular and trapezoidal are recommended to
observe their influence over the performance of the wave energy converter. These investigations are in progress.
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