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ABSTRACT 
 
Concern for the environment and new ways of electricity generation, have 
led to studies of renewable energy sources, among these the Wave Energy 
Converters (WECs) are an option, however there are still many challenges 
to define how best to realize the conversion of the energy of the waves into 
electricity. In this work, a numerical study was carried out with the purpose 
of maximizing the available power (Pd) of a two-ramp overtopping device, 
considering the area fraction of ramps (ϕ1 and ϕ2) equal to 0.0006 and the 
ratio between height and length of the ramps (H1/L1 = H2/L2) equal to 0.3. 
The distance between the ramps (Lg) was varied in three values: 1.0; 1.5 and 
2.0 m, besides three values for the free surface of water (h): 9.8; 10.0 and 
10.2 m; simulating a tidal effect. The Constructal Design and Exhaustive 
Search methods were used, respectively, in the geometric evaluation 
(determination of a search field) and optimization. For the wave generation, 
the Second Order Stokes Theory was used, with wave period (T) of 7.5 s 
and wave height (H) 1.0 m. The results showed that there was no 
accumulation of water in the upper ramp of the device, in addition, with the 
increase of Lg there was an increase of Pd in h = 10.0 and 10.2 m, and Pd 
kept practically constant in h = 9, 8 m. And, as expected, with increasing of 
h, there was an increase in Pd. 
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NOMENCLATURE 
 
Ar,i ramp area, m2 
AT flume area, m2 
g gravitational acceleration, m/s2 
h water depth, m 
H wave height, m 
ha,i water height inside reservoir, m 
Hi ramp height, m 
HR,i reservoir height, m 
Hs significant wave height, m 
Hi/Li ratio between height and length of the ramp 
HT/LT ratio between height and length of the flume 
k wave number, m-1 

Lg length between ramps, m 
LR,i reservoir length, m 

Pd available power, W/m 
Pabs atmospheric pressure, kPa  
T wave period, s 
ti initial time, s 
tf final time, s 
x horizontal direction 
y dimension perpendicular to the plane 
z vertical direction 
 
Greek symbols 
 
α volume fraction 
λ wave length, m 
µ viscosity, Pa.s 
ρ density, kg/m3 
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σ angular frequency, rad.s-1 
 deformation tensor, N/m² 

φ ramp area fraction 
 
Subscripts 
 
a water 
d available 
f final 
g gap 
i low tank (1); upper tank (2) 
m maximized 
r ramp 
R reservoir 
s significant 
T tank 
∞ infinity 
 
INTRODUCTION 
 

Several studies on new forms of electricity 
generation with less environmental impact have been 
conducted every year. Many are the factors that lead 
to the search for renewable alternatives, among them 
the increase of the world population. One alternative 
is the use of energy from ocean waves, an area with a 
few studies, but none of them consolidated. The sea 
has a great energy potential, for example, southern 
Brazil where it is estimated a potential of 30kW wave 
meter. (Cruz and Sarmento, 2004). 

The literature shows a variety of possible 
equipment, among them stands out the overtopping 
device by the simplicity of the operating principle. It 
is an equipment with a ramp, on which sea water 
incident overtop, accumulating in a reservoir. Then 
the water flows through a low head turbine 
(generating electricity) returning to the sea (Fleming, 
2012). An illustration is shown in Fig. 1. 

 

 
 

Figure 1. Illustration of the operation principle of 
the overtopping device. (Aqua-RET, 2012). 
 
It is possible to find in the literature several 

studies on the overtopping device, for example, work 
on experimental evaluation of device parameters: 
Margheritini et al. (2009), Vicinanza et al. (2014), 

Liu et al. (2017) and Contestabile et al. (2017). 
However, in relation to the numerical work, can 

cite: Margheritini et al. (2012), Nørgaard and 
Andersen (2012), Barbosa et al. (2017) and 
Jungrungruengtaworn and Hyun (2017). 

Although, studies about the Constructal Design 
method in overtopping devices, there is an expressive 
amount of studies in the literature, among them: 
Goulart et al. (2015), Martins et al. (2015), Machado 
et al. (2017), Martins et al. (2017) and Martins et al. 
(2018). 

Therefore, it is intended to evaluate 
geometrically the influence of the distance between 
ramps (Lg) of a double ramp overtopping device in 
real scale, and, the tide variation (h) over the 
available power (Pd). The Constructal Design method 
was used (Bejan, 2000; Bejan and Lorente, 2008) for 
determining a search field (based on restrictions and 
degrees of freedom) together with the Exhaustive 
Search method for optimization. Thus, three values
were used for the distance between the ramps (Lg), 
1.0 m, 1.5 m and 2.0 m; and three different depths (h) 
of the free surface of the water 9.8 m, 10.0 m and 
10.2 m, representing the tide variation. To this, they 
were considered fixed ramps of the area fraction (ϕ1 = 
ϕ2 = 0.0006) and are ratios of heights and lengths of 
ramps (H1/L1 = H2/L2 = 0.3). In addition, the software 
Ansys Workbench® and Fluent® v.16 (Ansys, 2016) 
were used for pre-processing and processing, 
respectively, and Microsoft Excel® for post-
processing. Already for the development of ocean 
waves, the Second Order Stokes Theory was used. 
 
MATHEMATICAL MODELING 
 

The physical domain studied is illustrated in 
Fig. 2. This is a two-dimensional (x in the horizontal 
and z in the vertical) two-ramp overtopping device 
placed on a real scale wave flume, where the third 
dimension (y) is perpendicular to the plane of the 
figure. 

The (regular) wave is imposed at the input 
boundary of the domain in the zone defined as water 
(blue line - prescribed velocity) through two velocity 
components defined by the Second Order Stokes 
Theory (Chakrabarti, 2005). According to Almeida et 
al. (1997), the Rio Grande do Sul (RS) coast presents 
medium to high energy waves, with a significant 
height (Hs) of 1.5 m and a period (T) between 7.0 and 
9.0 s. These characteristics are evaluated by Lisboa et 
al. (2016). 

From this, the parameter of the regular wave 
chosen were: height (H) of 1 m, the period (T) equal 
to 7.5 s (hence, wavelength (λ) of 65.4 m to depth of 
10 m). Another important parameter is the depth of 
the water depth (h), for which was used the average 
value out of 10 m, in addition, was considered a tidal 
variation of 0.20 m (up and down), yielding the 
values of h equals 9.8 and 10.2 m. For, the coast of 
RS is characterized by astronomical tides with a 
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mean amplitude of 0.25 m (Almeida et al., 1997). 
The flume has the following main dimensions: 

height (HT) equal to 20 m (20*H) and length (LT) of 
327 m (5*λ), arriving to the ratio HT/LT of 0.0612. 

The overtopping device has the following 
dimensions: lengths of the ramps L1 and L2; ramps 
heights H1 and H2; ramp areas Ar,1 and Ar,2; lengths 
and heights of the reservoirs, respectively, LR,1 (equal 
to 20 m) and LR,2 (equal to: 13,885, 13,385 and 
12,885 m, due to the variation of Lg); HR,1 and HR,2, 
besides the heights ha,1 and ha,2 which represent the 
height of water accumulated in the reservoirs. 

For the distance between the ramps (Lg) are 
three values used 1.0 m; 1.5 m and 2.0 m. The ramp 
area fractions (ϕ1 and ϕ2) were considered equal to 
0.0006, and the ratio between the height and length of 
the ramps (slope) H1/L1 and H2/L2 the value used was 
0.3 (~16.7°). Note that the crowning of the lower 
ramp was maintained at 10.6 m fix the wave relative 
to the channel bottom. 

The objective of this study is to evaluate the 
influence of distance Lg (1.0 m, 1.5 m and 2.0 m) and 
tidal variation (0.20 m in relation of h = 10 m) on the 
available power (Pd). 

 
 

Figure 2. Computational domain of the analysis device analyzed. 
 
Constructal Design Applied to the Overtopping 
Device 
 

The Constructal Design is used in the geometric 
evaluation together with the Exhaustive Search 
optimization method in order to identify the best 
geometries in relation to the physical conditions 
employed during the study. In this work two 
restrictions were considered: the total flume area and 
the ramp area: 

 
T T TA H L=  (1) 

  

, 2
i i

r i
H LA =  (2) 

 
where i = 1 and 2; HT = 20*H and LT = 5*λ. 

The area fraction of the ramps is defined as: 
 

,r i
i

T

A
A

φ =  (3) 

 
It is intended with this study to maximize the 

available power (Pd) per meter of wavefront, thus the 
proposed equation is given by: 

, ,
f

f

i

t
a i t

d i
f t

gh
P m dt

t
= ∫   (4) 

 
where g is the gravitational acceleration (m/s2),  

, , fa i th is the water accumulation height inside the 

reservoir (m), ti is the initial instant of time (s), tf is 
the final instant of time (s) - in this case, tf = 100 s -  
m  is the mass flow rate of water entering into 
reservoir (kg/s). 

Figure 3 shows the application of the 
Constructal Design in the geometric evaluation. 
Therefore, the fractions of area ϕ1 and ϕ2; and the 
ratio between the heights and lengths of the ramps 
H1/L1 and H2/L2 were kept fixed and given by the 
values 0.0006 and 0.3, respectively. However, for the 
distance between the ramps Lg, three values were 
adopted: 1.0 m, 1.5 m and 2.0 m; as well as for the 
height of the water depth h: 9.8 m, 10.0 m and 10.2 
m; resulting in a total of nine simulations. Therefore, 
it is possible to define as restrictions of the problem: 
the total area of the flume, the ramp area, the lower 
ramp crown, the ramp slopes and the ramps area 
fractions. How degrees of freedom: the distance 
between the ramps and the depth of the water. 
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Figure 3. Illustration of the geometric evaluation 
process of the Constructal Design. 

 
The Multiphase Volume of Fluid (VOF) Model 
 

The Volume of Fluid method is used to evaluate 
the interaction of water with the device and, also, 
with the air. The VOF consists of a multiphase 
method which allows to study flows with two or 
more phases, particularly in this work the two phases 
(air and water) are immiscible (Hirt and Nichols, 
1981). 

The conservation equation of mass for the 
mixture of air and water in an isothermal, laminar and 
incompressible flow (Schlichting, 1979) is given by: 
 

( ) 0v
t
ρ ρ∂
+∇ =

∂
  (5) 

 
where ρ is the density of the mixture (kg/m3) and v

 is 
the flow velocity vector (m/s). 

The momentum equation for the mixture is 
given by: 

 

( ) ( ) ( )v vv p g
t
ρ ρ ρ µτ ρ∂

+∇ = −∇ +∇ +
∂

    (6) 

 
where p is the pressure (N/m²), gρ  is the buoyancy 
body force (N/ m³) and τ   is the rate of deformation 
tensor (N/m²). 

Was used for the air and water properties the 
following values: ρair = 1.225 kg/m³, ρwater = 998.2 
kg/m³, μair = 1.789×10-5 kg/(ms), μwater = 1.003×10-3 
kg/(ms). 

Because two phases (air and water) are used in 
the study, the concept of volume fraction (αq) is used 
to represent them within a control volume. In this 
model, the sum of the volume fractions must be 
unitary (0 ≤ αq ≤ 1). Therefore, when αwater = 0, the 
control volume is empty of water and full of air (αair 
= 1), since when there is a mixture of air and water, 
one phase is the complement of the other, ie, αair = 1 - 
αwater. Thus, an additional transport equation for the 
volume fractions is required (Hirt and Nichols, 1981): 

 

( ) 0v
t
α α∂
+∇ =

∂
  (7) 

 
As the equation of conservation of mass and 

momentum are solved for the mixture, it is necessary 
to obtain density and viscosity values for the mixture, 
which can be written, respectively, by: 

water water air airρ α ρ α ρ= +  (8) 

  

water water air airµ α ρ α ρ= +  (9) 

 
Regular Waves - Second Order Stokes Theory 

 
For the present study, the Second Order Stokes 

Theory is adopted, because it is possible obtain a 
closer representation of the real waves even in the 
case of regular waves, thus allowing the analysis of 
higher waves at shallower depths. In this way, the 
velocity component u (horizontal direction x) and the 
velocity component w (vertical direction z) are given 
by (Chakrabarti, 2005): 
 

( ) cosh ( ), cos( )
2 cosh

Hgk k h zu x z kx t
kh

σ
σ

+
= −  

2

4

3 cosh 2 ( ) cos 2( )
16 sinh

H k k h z kx t
kh

σ σ+
+ −  (10) 

  

( ) sinh ( ), sin( )
2 cosh

Hgk k h zw x z kx t
kh

σ
σ

+
= −  

2

4

3 sinh 2 ( ) sin 2( )
16 sinh

H k k h z kx t
kh

σ σ+
+ −  (11) 

 
where H is the wave height (m), g is the gravitational 
acceleration (m/s2), k the wave number (m-1), σ wave 
angular frequency (rad.s-1), t time (s), h water depth 
(m), x horizontal coordinate, z vertical coordinate, u 
horizontal velocity (ms-1) and w vertical velocity  
(ms-1). 

 
Boundary Conditions 

 
As shown in Fig. 2, the numerical wave is 

generated on the lower left side (blue line - 
prescribed velocity) of the wave flume. The 
generation of the regular wave was given by the 
Second Order Stokes Theory, with the velocity 
components in the horizontal (x) and vertical (z) 
directions given by Equations (10) and (11). 

In the upper left region, Fig. 2, and in the upper 
surface (green line) considered atmospheric pressure 
Pabs = 101.3 kPa. In the lower, right side surfaces and 
the surface of the overtopping device (red line) a non-
slip condition and impermeability (u = w = 0 m/s) 
was imposed. 

In relation to the initial conditions, it is 
considered that the fluid is flat, and the water depth h 
has the values: h = 9.8 m, 10.0 m and 10.2 m. 

 
NUMERICAL PROCEDURES 
 

The development of the study was done through 
the programs: for the preprocessing, creation of the 
geometry and the mesh, the commercial software 
Ansys Workbench 16® was used; for the processing, 
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calculation of the partial differential equations (PDE), 
the commercial computational program Ansys Fluent 
16®; and for post-processing the commercial 
spreadsheet editor Microsoft Excel 2010®. 

The simulations were performed on a computer 
with a 3.3 Ghz Quad-Core AMD processor clock and 
16 GB of RAM, and the Message Passing Interface 
(MPI) for parallelization. The processing time of each 
one of the simulations was approximately 7.92x104 s 
(~22 h). 

Some of the parameters defined in the software 
Fluent 16® (based on Finite Volume Method (MVF), 
Patankar, 1980) were: pressure-based solver; first 
order advection scheme Upwind; Pressure Staggering 
Option (PRESTO) for the spatial discretization; the 
algorithm Pressure-Implicit with Splitting of 
Operators  (PISO,  Versteeg and Malalasekera, 2007) 
for pressure-velocity coupling; Geo-Reconstruction 
method for surface occupied by water; sub-relaxation 
factors of 0.3 and 0.7 for the conservation equations 
of mass and momentum. Furthermore, considered 
converged solution when the residual of the 
conservation equations of mass and momentum in the 
x and z directions were lower than 10-6. 

Figure 4 shows the refinement detail of the 
mesh, in which the Stretched mesh method was used 
with greater refinement in specific regions 
(Mavriplis, 1997). Therefore, the number of 
rectangular finite volumes of the meshes was close to 
180,000. 

 

 
 

Figure 4. Illustration of the mesh used. 
 
The present work adopted the theoretical 

recommendation proposed by Gomes et al. (2012) on 
the appropriate number of finite volumes for each 
region of the domain. 

 
RESULTS AND DISCUSSION 
 

Figure 5 shows the free surface elevation (η) 
obtained analytically and numerically for the Second 
Order Stokes Theory. To compare the significant 
maximum heights, the norm l∞ is used (Kreyszig et 
al., 2011): 

 
max j

j

x x
∞
=  

(12) 

 

Thus, the value obtained for the analytical 
solution of the surface elevation was equal to 10.5233 
m and for the numerical solution 10.6222 m, 
therefore the difference between the peaks is of 
0.0998 m, acceptable value in face of the physical 
complexity of the problem, as presented in Gomes et 
al. (2016). 

 

 
 

Figure 5. Comparison between analytical and 
numerical solutions by free surface elevation at 

position x = 50 m. 
 
In Figure 6, the behavior of the available power 

(Pd) in relation to the distance between the ramps (Lg) 
and the water depth (h) for the lower ramp, can be 
analyzed. Therefore, when at low tide (depth h = 9.8 
m) and for the three distances Lg (1.0, 1.5 and 2.0 m) 
Pd remained practically unchanged at the value of, 
approximately, 100 W/m. 

 

 
 

Figure 6. Influence of the parameter Lg and depth h 
on the available power (Pd) for the lower ramp. 

 
For h = 10.0 m (mean depth considered) there 

was a increase of 2.5 times in Pd value (~180 to ~ 450 
W/m) with an increase of Lg = 1.0 m for Lg = 1.5 m, 
and with the tendency to stabilize, from Lg = 2.0 m, in 
Pd ~450 W/m. However, for h = 10.2 m, the increase 
in Pd was expressive, from ~350 W/m to ~1330 W/m 
(~ 3.8 times), with an increase of Lg = 1.0 m for Lg = 
2.0 m, and for Lg = 1.5 m the available power (Pd) 
was ~850 W/m. 

The values presented are above relate to lower 
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ramp, because for the upper ramp there was no 
significant accumulation of water. 

Therefore, the shortest distances of Lg tends to 
complicate the accumulation of water in the lower 
reservoir of the ramp, as can be seen in the behavior 
of the available power (Pd), because of the water 
comes back to the flume. In addition, for the 
conditions proposed in this study, the optimal case 
must be determined for h = 10.0 m (average depth 
considered), the mean depth of sea level. 

Thus, in this case the maximum available power 
((Pd)m) is equal to, approximately, 450 W/m to Lg = 
2.0 m, because when a high tide (h = 10.2 m), Pd 
would be about 1330 W/m, compensating, the low 
power when low tide. In Figure 7 the same results are 
presented, however focusing on the influence of the 
depth variation h. Therefore, as expected, as the free 
water surface level increases, there is an increase in 
available power. 

 

 
 

Figure 7. Influence of the depth h and the 
parameter Lg on the available power (Pd) for the 

lower ramp. 
 

CONCLUSIONS 
 

A numerical study was performed for the 
geometric evaluation of a real-scale coastal 
overtopping device with two ramps, varying the 
distance (Lg) between these and the water free surface 
(h - representing a tidal effect) with the purpose of 
evaluating the influence on the available power (Pd). 

The ramp area fraction (ϕ1 and ϕ2) and the ramp 
height and length ratio (H1/L1 and H2/L2) were fixed, 
as well as the wave parameters: height (H) and period 
(T). In the geometric evaluation, the Constructal 
Design was used together with the Exhaustive Search 
optimization method. And the Second Order Stokes 
Theory for the reproduction of a regular sea wave. 

The Constructal Design method has proved to 
be an important and interesting tool for the 
development of a geometric evaluation study, making 
it possible to establish a theoretical recommendation 
for engineering problems when in specific situations 
and conditions. 

Therefore, the results indicated that the increase 
of the distance between the ramps (Lg), there was an 
increase in the available power (Pd). However, the 
water accumulation occurred exclusively on the 
lower ramp of the device. Furthermore, the influence 
of the tidal variations (represented by the three values 
of h) is significant, because when low tide (h = 9.8 
m) the values of Pd were lower than those obtained at 
high tide (h = 10.2 m), as expected. Thus, the 
maximum available power ((Pd)m) was considered for 
h = 10.0 m, mean sea level depth. 

Thus, the high tide makes up for, in a way, the 
low tide period, since the value of Pd was 
approximately 13.3 times its value. However, further 
studies using other ramp configurations and sea 
conditions are required. 
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