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Constructal Design Of An Onshore Overtopping Device In Real Scale For Two Different Ocean Wave Periods
And Different Areas Of The Ramp

Abstract. The study about technologies and operational principles of devices to convert wave
energy into electrical one (WEC) has increased significantly. Among the studied WECSs it is
possible to mention the overtopping device. It is main operational principle consists on a
ramp which guides the incoming waves into a reservoir raised slightly above the sea level.
The accumulated water in the reservoir flows through a low head turbine generating
electricity. In the present work it is performed a numerical study concerned with the effect of
ramp geometry over the performance of an onshore overtopping device in real scale by means
of Constructal Design. The purpose of this study is to evaluate the effect of the ramp volume
fraction (¢) and the ratio between the height and length of the ramp (H1/L;) over the amount
of water that enters into device reservoir for two different ocean wave periods (T = 5.0 s and
7.5 s). All cases are performed for one specific distance from the bottom of the tank to the
bottom of device of S = 5.0 m. Moreover, three different ramp volume fractions are
investigated: ¢ = 0.006, ¢ = 0.012 and ¢ = 0.024. For all studied cases the conservation
equations of mass, momentum and one equation for the transport of volumetric fraction are
solved with the finite volume method (FVM). To tackle with water-air mixture, the multiphase
model Volume of Fluid (VOF) is used. Results showed that Constructal Design allowed an
improvement of the shape of ramp. In general, the optimal shapes performed several times
better than the worst ones. Results also depicted that the mass of water stored in the reservoir
increased with the increase of wave period fromT=5.0sto T=7.5s.

Keywords: Constructal Design, Overtopping Device, Geometric Optimization, Numerical
Study
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1 INTRODUCTION

The main physical operational principle of overtopping device has not been widely studied
as other kind of devices, one example of this fact can be seen in the amount of discussion for
each operational principle in review literature (Falcdo, 2010; Zabihian and Fung, 2011).
Among the works concerned with overtopping devices, efforts have been devoted in the
development of experimental studies for evaluation of building parameters of device (Kofoed
et al., 2006; Margheritini et al., 2009). More recently, some studies have been performed into
numerical framework with the purpose to improve the comprehension about the fluid flow
phenomenology and to investigate the geometrical parameters of device (Beels et al., 2010;
Rocha et al., 2013; Nam et al., 2008; Margheritini et al., 2012; Jin et al., 2012). The main
operational principle of an overtopping device consists on the water accumulation into a
reservoir raised slightly above the sea level. The wave water overtops the inclined ramp and
enters into reservoir. The accumulated water returns to the sea passing through low head
hydraulic turbines generating electricity. Figure 1 depicts a schematic sketch with the main
operational principle of this device.

Reservoir

Overtopping

AW

Turbine outlet

Figure 1. lllustration of physical main operational principle of overtopping device.

Concerning the experimental studies about the overtopping device, Kofoed et al. (2006)
performed extensive tests of a prototype with reduced scale of 1:50 inside a wave tank.
Afterwards, the authors build a new prototype in reduced scale with 1:4.5 of a Wave Dragon.
This device was evaluated during three years being monitored parameters as power, wave
climate, forces in mooring lines and structure tension. The purpose was to determine the
design for the structure, as well as, development of a plain to implement an unit for generation
of 4 MW. Other important study is presented in Margheritini et al. (2009) which analyzed a
device named Sea Slot-cone Generator (SSG) which consists on a device with multiple ramps.
The pilot plant is an onshore module in real scale with three different ramps capturing waves
of different heights.

Into the numerical framework, Liu et al. (2008) and Nam et al. (2008) evaluated an
overtopping device. In the first, was employed the methodology Volume of Fluid (VOF) for
the modeling of water-air flow. The conservation equations were solved with the Finite
Volume Method (FVM), with FLUENT™ software. In the second study, the simulations were
performed with commercial software FLOW3D, based on the Finite Difference Method
(FDM). In this work it was performed two and three-dimensional simulations with the aim to
evaluate the best geometry for accumulation of water inside the device reservoir.

lahnke (2010) employed the Constructal Design, but was not performed by the imposition
of constant area, to evaluated the ramp inclination of an overtopping device for a two-
dimensional flow. The best performance was obtained for a ramp with an angle of 30°. In the
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same year, Bells et al. (2010) used a numerical model called mildslope to solve the transient
flow in a farm of Wave Dragon devices. For the evaluation of the devices arrangement it was
tested different distances between the different equipment. As a result, the farm with five
devices installed with a staggered arrangement is more efficient due to the best utilization of
space and without significant interference of one converter in the others.

Jin et al. (2012) performed a similar study to that in Nam et al. (2008), where it was
employed the software FLUENT™ instead the FLOWS3D. In this work, it was performed a
comparison between an overtopping device with and without fins over the ramp. The
geometrical evaluation was neither performed into the Constructal Design framework.

Dos Santos et al. (2014) performed a numerical study to determine the influence of
geometry on the performance of an offshore overtopping device in laboratory scale to three
different depths for: h/A = 0.3, 0.5 and 0.62 using the Constructal Design. In this study, the
conservation equations of mass, momentum and one equation for the transport of volumetric
fraction are solved with the Finite Volume Method (FVM). For the solution of the water-air
interface is used multiphase model Volume of Fluid (VOF). The results showed that the
optimal ratio between height and length of the ramp, (H1/L1),, showed a strong dependence of
the relative depth, indicating the absence of an universal geometry leading to the best
performance of a device for overtopping different wave conditions.

Recently, Goulart et al.(2015) performed a 2D numerical study about the effect of the ramp
geometry on the performance of an onshore overtopping device in real scale employing
Constructal Design. It is evaluated the effect of ratio between height and length of the ramp
(Hi/L,) over the mass of water (m) entering into the reservoir for two different depths (S = 5.0
m and 6.0 m). A computational model based on the FVM and VOF to tackle with the mixture
of water/air was employed.

The present work aims to perform a numerical study about the geometry of an onshore
overtopping device ramp in real scale which leads to the highest fluid dynamic performance.
The shape of overtopping ramp is varied by means of Constructal Design (Bejan, 2000; Bejan
and Lorente, 2008). More precisely, it is evaluated the influence of the ratio between height
and length of the ramp (H,/L;) over the amount of mass entering into the reservoir for two
different wave periods (T = 5.0 s and 7.5 s). Moreover, three different ramp volume fractions
are investigated: ¢ = 0.006, ¢ = 0.012 and ¢ = 0.024. All cases are performed for one specific
distance from the bottom of the tank to the bottom of device of S = 5.0 m.

2 MATEMATICAL MODELING

The physical problem analyzed is a two-dimensional overtopping device placed in a wave
tank, as shown in Fig. 2. The third dimension Y is perpendicular to the plane of the figure. The
wave motion is generated by imposing a velocity profile at the left surface of the tank. The
objective of the analysis is to determine the ideal geometry (Hi/L;) leading to higher amount
of water entering in the reservoir. The degree of freedom Hi/L; is optimized for a flow with
depth h = 10.0 m, wavelengths of A = 36.6 m and 65.4 m (relative depths of h/A = 0.27 and
0.15), wave height of H = 1.0 m and the periods T = 5.0 sand 7.5 s. It is also maintained fixed
the following parameters: Hy = 20.0m (height of the tank), Lt = 327.0 m (length of the tank)
which leads to a ratio of (Ht/Ly = 0.0612). In addition, it will be considered a reservoir with
length of Lg = 20.0 m and distance between the device and the tank bottom of S = 5.0 m. For
this value of S it have been simulated several ratios of Hi/L; for two different ocean wave
periods (T = 5.0 s and 7.5 s) and three different fraction areas of the ramp (¢ = A/A7 = 0.006,
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0.012 and 0.024). According to Constructal Design, the optimization problem is subjected to
two constraints, i. e., the total area of the surge tank restriction

Ar = HrLy (1)

and the area of the ramp

HyLy 2
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4z
: Atmospheric Pressure
b |~—LR—-
£ Air 7
I T N PN A
'_T,u_' Y \._./ Ar A 1 H
;—v Water f - J
- A ! —— L, —> S h
§A l Wall ! l ton
R L, > '

Figure 2. Computational domain of the overtopping device in real scale studied in the present work.

A function of volume (area) fraction of the device can be defined as

oo ©

It is also being considered as a restriction of the problem (S + H;) > (h + H/2) so that the
crest of the wave does not exceed the maximum height of the device.

The area of the ramp (A/) was defined considering a device in real scale. Thus, it is adopted
the value used to build the OWC device ramp located on the Pico Island in Portugal. To
define the height and length of the tank (Hy and L, respectively) it is considered a depth of
water layer, h = 10 m, and parameters of waves commonly found in the south of Brazil (Rio
Grande city). In order to avoid interaction of wave flow with the upper region of the tank, its
height is defined as Hr = 20.0 m. With the purpose to avoid wave reflection and allow the
evaluation of the highest possible time interval of overtopping, the tank is constructed with a
length five times higher than the highest wavelength (A = 65.4 m), i.e., Lt = 327 m. For the
other wave climate (T = 5.0 s) the tank is maintained with the same dimensions.

Concerning the optimization process, it is divided into two steps as shown in Fig. 3, for the
two different ocean wave periods (T = 5.0 s and 7.5 s). In the first step, the geometry is
optimized by variation of the ratio Hi/L; and keeping fixed the remaining parameters, in this
case the submersion S (S = 5.0 m) and ramp fraction area (¢ = 0.006). The maximum value
found for the mass of water entering the reservoir is called the mass of water entering into the
reservoir once maximized, mpn, and the corresponding ratio Hi/L; is referred to the once
optimized ratio of Hi/Ly, (H1/L1)o. In @ second step, the same process is repeated for other
values of ramp fraction area (¢ = 0.012 and 0.024). For the present study, an amount of 48
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simulations (half for each ocean wave period) were performed with the following distribution:
¢ =0.006 (16 cases), ¢ =0.012 (16 cases) and ¢ = 0.024 (16 cases).

2.1 The Multiphase Volume of Fluid (VOF) Model

The conservation equation of mass for the mixture of air and water in an isothermal,
laminar and incompressible flow is given by (dos Santos et al., 2014):

9
a—‘t’+ V.(p3) =0 (4)

where p is the density of the mixture (kg/m®) and v is the flow velocity vector (m/s).
The momentum equation for the mixture is given by:

0 .
(o) + V.(pF5) = Vp+ V(D) + pg + F (5)
where p is the pressure (N/m 2), o and F are, respectively, the buoyancy and external body

forces (N/m?), which is null in the present work, and 7 is the rate of deformation tensor
(N/m2).
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Figure 3. lllustration of the optimization process applied to overtopping device with
different device fraction areas.

To tackle with the mixture of air and water and to evaluate their interaction with the
device, the method Volume of fluid (VOF) has been employed. The VOF is used to model
multiphase fluid flows with two or more phases. In this model, the phases are immiscible, i.
e., the volume of one phase may not be occupied by another phase (Lv et al., 2011).
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In the simulations of this study, it is considered two different phases: air and water.
Therefore, the concept of volume fraction (o) is used to represent the two phases in a volume
control. In this model, the sum of the volume fractions within a control volume must be
unitary (0 < oq < 1). Consequently, if owater = O, the volume control is empty of water and full
of air (g = 1). If the fluid is a mixture of air and water, one phase is the complement of the
other, oair = 1 — owaer- Thus, an additional transport equation for the volume fractions is
required (dos Santos et al., 2014; Lv et al., 2011):

d(payater )
at

(6)

+ V. (pawater 1_7)) =0

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

P = Qyater Pwater T Xair Pair (7)
U= Qyater Pwater + Xair Pair (8)

Regarding the wave generation, a velocity profile is imposed at the left side surface of Fig. 2

and simulates the behavior of a wavemaker (Horko, 2007). The velocity components in the
wave propagation direction (x) and vertical (z) imposed in the left surface of the domain are
based on Stokes of 2" order theory and given respectively by (Chakrabarti, 2005):

_ Hgk coshk(h + z) . . +3H20k cosh2k(h + z) ok . 9)
ube2) = 5 coshkn oStk — ot + e cos 2tk —ot)
Hgk sinh k(h + 3H2glk sinh 2k (h +
wie,z) = HIRSMh k(A +2) &y — oy 4 SOk S 2k (R 2) & hx — 1) (10)

20  coshkh 16 sinh* kh
where H is the wave height (m), k is the wave number given by k = 22/ (m™), h is the water
depth (m), T is the wave period (s), o = 2 /T is the frequency (rad/s) and t is the time (5).

For the other boundary conditions, the superior region of left side surface and the superior
surface is considered at atmospheric pressure Pq,s = 101.3 kPa (dashed lines in Fig. 2). In the
lower and right surfaces, as well as, in the overtopping device surfaces 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 water has a depth of h = 10.0 m.

3 NUMERICAL PROCEDURES

In present work it is employed the Finite Volume Method (FVM) (Patankar, 1980;
Versteeg et al., 2007) for numerical solution of conservation equations of mass, momentum
and volume fraction. More precisely it is used the CFD commercial package FLUENT™
(FLUENT, 2007). For the interaction between air, water and device it is employed the
multiphase model VVolume of Fluid (VOF) (Liu et al., 2008; Lv et al., 2011).

The pressure based solver has been employed for all simulations. First order advection
scheme Upwind and PRESTO (Pressure Staggering Option) for the spatial discretization of
the advective term and pressure in the momentum equation, respectively, have been used. The
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pressure-velocity coupling was performed with PISO algorithm (Versteeg and Malalasekera,
2007). The surface of wave flow is determined by the use of Geo-reconstruction method. In
addition, sub-relaxation factors of 0.3 and 0.7 were imposed for the conservation equations of
mass and momentum, respectively. The solutions obtained here were considered converged
when the residual of the conservation equations of mass and momentum in the x and z
directions were lower than 10°®,

All simulations were performed using a computer with two dual-core Intel processors
clocked at 2.67 GHz and 8 GB of RAM. It is used Message Passing Interface (MPI) for
parallelization. The processing time for each simulation was approximately 1.44 x 10° s (40
h).

The discretization of the domain in rectangular finite volumes was performed. As can be
seen in Fig. 4, the highest refinement is performed in device surfaces and free surface of wave
where the highest velocity gradients are presented. In the study of Gomes et al. (2012) it is
presented a theoretical recommendation about the number of finite elements employed along
the domain which is adopted in the present study. In this sense, a grid with nearly 120,000
rectangular finite volumes are generated (Fig. 4).

A-A Section No slip and impermeability

Atmospheric Pressure

Wave

i A-A Section
Generator

No slip and impermeability No slip and impermeability

a) b)

Figure 4. Spatial discretization applied to the onshore real scale overtopping device

After the definition of the spatial discretization used, it was performed a time step
independence study for the transient problem and time-step influence over the height of the
free surface wave, Fig. 5 (a). The independent solution was verified with analytical results of
Chakrabarti (2005), Fig. 5 (b). In the first study, the height of the free surface wave was
obtained for 4 different time steps: At =5.0 x 1035, At = 1.0 x 102 s, At = 2.0 x 107 s and At
= 4.0 x 107 s. In all simulations the final time is t; = 100.0 s. Figure 5 (a) shows a good
agreement between the results for the various studied time steps, with the exception case with
com At = 4.0 x 102 s where the predicted wave has differences in time and space in
comparison with the others. Consequently, it was adopted in subsequent simulations
geometric evaluation with time step of At = 2.0 x 10 s. Concerning the verification process,
after the wave stabilization, which occurs at about t = 15.0 s, the average deviation obtained
between the numerical and analytical solution is 0.1 % and 8.0 % for the water depth and
wave height, respectively, showing the good accuracy of the present numerical model.

4 RESULTS AND DISCUSSION

The optimization process consists on the evaluation of total mass of water entering into
reservoir for three different ratios of Hi/L,, for two different ocean wave periods. Figure 6
presents the effect of the ratio Hi/L; over the total amount of water entering into reservoir
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along a considered time interval (0.0 s <t < 100.0 s). Results showed that the geometry has a
strong influence over the magnitude of mass accumulated in the reservoir. It is worthy to
mention that the total amount of mass is taken into account by the integration of mass flow
rate of water entering into reservoir along the time interval considered. Results of Figure 6(a
and b) showed that the optimal shapes are achieved for the lowest magnitudes of the ratio
H,/L, for each value of ¢ and two different wave periods, i.e., (Hi/L1), = 0.39 for ¢ = 0.006,
(H1/L1)o = 0.22 for ¢ = 0.012 and (Hi/L1), = 0.097 for ¢ = 0.024. It can also be noticed that
for each evaluated ¢, different range of geometry application is noticed, i.e., the range of ratio
Hi/L; where overtopping occurs. For instance, for ¢ = 0.006 the overtopping occurred in the
range 0.39 < H,/L; < 0.53. For ¢ = 0.012, the range of Hi/L; decreases to 0.22 < H;/L; < 0.38
and for ¢ = 0.024 the ranges decreases even more for 0.097 < H;/L; < 0.22. Moreover, to the
lowest ocean wave period (T = 5.0 s), was a decrease of the total mass of water entering into
reservoir. Results presented in Fig. 6 also showed that the highest once maximized amount of
mass entering into reservoir is obtained for the lowest device area fraction (¢ = 0.006). For
this case, the magnitude of mn, = 4440.38 kg is obtained for T = 5.0 s and mp,, = 20213.59 kg
for T = 7.5 s, which this is nearly 4.5 times higher than the best geometry obtained for T = 5.0
s. In a general sense, results showed that the employment of Constructal Design can result in
an improvement of fluid dynamic performance of this kind of renewable energy device.

10.6 —— —— 10.6 . r ; , = ;
N X
104 F [\ a\ i 104 ]
A ‘ '
/ 1
102 \ ] . 102 .
/ \ \ [ | | [ ]
= 100 . ‘ ; f | 4 E 100H .
i u“ “ v.‘ ‘:(
98+ T . ‘ | [ A 98+ -
----- At=5x10" s! \ \ |
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Figura 5. Numerical evaluation of the employed methodology: a) study of independent time step, b)
verification of the numerical solution with the analytical solution presented in Chakrabarti (2005).

Results obtained here showed that the highest amount of mass entering during the
evaluated period of time (t = 100.0 s) is achieved for the lowest fraction area of device (p) and
for the highest ocean wave period (T). However, small dimensions for device limit the height
dimension of the reservoir. As a consequence, for long periods of time the employment of
small devices can became impracticable, once the reservoir does not have capacity enough to
accumulate large amount of water. For the studied case, the best recommendation is the
building of devices with the lowest possible area fraction and for the lowest ratios of Hi/L;.
For the same construction area, a farm of devices can leads to a better performance than an
isolated device. The effect of Hi/L; over the mass obtained here is in agreement with those
shown in experimental studies of Kofoed (2002), which evaluated an onshore device in
laboratory scale.
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Figure 6. Effect of the ratio H,/L; over the amount of mass entering into reservoir to present work for a
real scale onshore device: a) T = 5.0 s and different values of ¢; b) T = 7.5 s and different values of ¢.

In order to evaluate the effect of ¢ and T over the local behavior of wave flow in the
overtopping device, Figs. 7(a) and 8(a) illustrate the instantaneous mass flow rate of water in
the time interval (0.0 s <t < 100.0 s) for the three optimal shapes achieved for each value of
@. Figures 7(b) and 8(b) depict a restrict time interval to improve the visualization of
differences between overtopping peaks showed in Figs. 7(a) and 8(a). In Fig. 8(a), for T =5.0
s, » = 0.006 and (Hi/L1), = 0.39 the highest magnitude of my, = 333.94 kg/s was noticed for t
~ 83.0 s, while for ¢ = 0.012 and (Hi/L1), = 0.22 the highest magnitude of my, is nearly 7.0
times lower than that found for the case with ¢ = 0.006. Moreover, the highest peak for the
latter case is noticed at t = 80.0s. For ¢ = 0.024, the overtopping peaks are almost
indistinguishable. It can also be seen that some time periods of overtopping are affected by
different geometries. In Fig. 8(a), for T =7.55s, ¢ = 0.006 and (Hi/L1), = 0.39 the highest
magnitude of my, = 679.65 kg/s is noticed for t ~ 66.0 s, while for ¢ = 0.012 and (Hi/L;), =
0.22 the highest magnitude of my, is nearly 2.7 times lower than that found for the case with ¢
= 0.006. For ¢ = 0.024 the highest magnitude of my, is nearly 2.9 times lower than ¢ = 0.006.
Moreover, for T = 7.5 s the overtopping peaks are noticed before the cases with T = 5.0 s,
which is expected since the wave celerity is higher for waves with T = 7.5 s than waves with T
=50s.
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Figure 7. Instantaneous mass flow rate of water as function of time for T = 5.0 s and three different values
of @: a) time interval of 0.0 s <t<100.0 s, b) time interval of 65.0 s <t<90.0s.
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Figure 8. Instantaneous mass flow rate of water as function of time for T = 7.5 s and three different values
of @: a) time interval of 0.0 s <t <100.0 s, b) time interval 0f 40.0s < t<65.0s.

5 CONCLUSION

In present work it was performed a numerical study to evaluate the geometry that conducts
to the best fluid dynamic performance of and overtopping device. In this study the device was
built in real scale. The analysis was realized by means of Constructal Design for a device with
three different area fractions (¢ = 0.006, ¢ = 0.012 and ¢ = 0.024) and for two different ocean
wave periods (T =5.0 sand T = 7.5 s), evaluating the effect of the ratio H;/L; over the amount
of water that enters into the reservoir of the overtopping device. For the studied cases the
wave conditions which were employed was: H=1.0m, 2 =36.6 mand T =5.0s;1=65.4m
and T =7.5 s. For this study, it was solved a transient flow of an air-water mixture in laminar
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regime. The numerical solution of conservation equations of mass, momentum and water
volume fraction was obtained by the Finite Volume Method, more precisely with FLUENT™
software (FLUENT, 2007). Volume of Fluid (VOF) method was employed for the treatment
of interaction between air and water phases, allowing the generation of regular waves in a
wave tank and its interaction with the device. The main purpose here was to evaluate whether
the effect of the ratio (Hi/L1) over the total amount of mass entering into reservoir is similar
for different wave parameters, similarly to what was noticed in previous work of Dos Santos
et al. (2014) for laboratory offshore device.

Results showed that the highest amount of water entering into the reservoir along the time
interval evaluated was obtained for the lowest ratios of Hi/L; for the three studied values of ¢
and for the two different ocean wave periods. Moreover, the highest ratio of Hi/L; led to the
worst performance of the device. Comparison between the performance obtained with
different fraction areas revealed that the highest amount of water were obtained for the lowest
fraction area (¢ = 0.006) and the highest ocean wave period (T = 7.5 s). Then, it is
recommended the building of ramps with small possible areas, since there is sufficient
reservoir height for water accumulation inside the device. In a general sense, results showed
the importance to evaluate the geometry of this kind of renewable device. Moreover,
Constructal Design can be an important tool to guide the geometry evaluation of this kind of
problem. Results also indicated that the employment of different values of ¢ led to similar
effect of the ratio Hi/L; over the amount of water entering into reservoir. In general, results
proved that the fraction area affects the range of applicability of the ratio H;/L;. Concerning
the wave period, it has a higher influence over the magnitude of water entering into the
reservoir and the spreading of time for each overtopping peak. Results also showed a different
behavior of the effect of Hi/L; over the amount of mass entering into reservoir than that
achieved for laboratory offshore device. In other words, results indicate that the solution can
be dependent of the placement of device installation or scale of the problem. Future works
will be performed to investigate the main reasons for these differences.
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