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Abstract. Waves are an alternative energy source that can be used for electricity generation. Wave Energy Converter (WEC) system in
perforated breakwater is potentially applicable WEC system for coastal area. The magnitude of wave energy generated is determined by
the volume of sea water inside the perforated breakwater. This volumetric flow rate is calculated using the flow velocity at perforated
holes on the structure slope. Therefore, this research aims to study the velocity magnitude by analyzing the interrelation among wave
steepness, wave run-up and relative velocity. The method used consists of applying numeric 3D flow model in the perforated structure of
the breakwater with the variation of wave height, wave period and structure slope. The result shows that, the steeper the structure, the
bigger is the relative run up (Ru/H). The higher the relative run up, the higher are the relative run-up velocities (V/Vru). As the velocity
increase, the volumetric flow rate inside perforated breakwater will be higher, which leads to higher wave energy. Hence, it can be
concluded that the higher the velocities (V/Vru), the higher is the wave energy generated.
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1. Introduction initiative are 1.6 m (Cruz, 2008), 2.0 m (Charlier and
Finkl, 2009), 0.5 m/s (Yuningsih et al., 2010) and 4.0 m/s
(Khaligh and Onar, 2013), respectively.

Indonesia is an archipelago with sufficient wave
energy potential (Puspita et al., 2020). With the increasing
demand for energy today, Indonesia should be able to use
its oceans as an alternative energy source, at a time when
fossil fuels and non-renewable oil are running low on
supplies (Aminuddin, 2018).

Various kinds of research in wave energy converter
(WEC) systems have been intensively developed (El
Marjani et al., 2008; Elbisy, 2015; Folley et al., 2006; Tseng
et al., 2000). Integration of WEC systems in breakwaters
is considered as the most applicable WEC systems for port
and coastal areas compared to other WEC systems
installation (Cascajo, 2019). Perforated breakwaters are
one type of perforated structures which have been
successfully applied on sloping beaches (Elbisy, 2015). The
energy generated in perforated breakwater is determined
by the magnitude of sea water volume inside the
structure. This sea water discharge is a function of velocity
at holes on the perforated structure slope. By
understanding the interrelation among velocity, wave
run-up, and wave steepness, we could determine the
velocity magnitude.

One of the abundant renewable energy sources available
on earth is ocean wave energy. More than seventy percent
of the earth's surface are oceans. In last two decades, wave
energy has been widely developed and regarded as a
renewable energy resource with high potential (Falcao,
2010). The increase of human population and technology
had caused higher consumption of electrical power all over
the world (Malla et al., 2020). Ocean wave energy is an
alternative energy source that 1is very clean,
environmentally friendly, always exists and is renewable,
predictable, and has developed into a suitable potential
alternative energy source to compete with current non-
renewable energy sources (Martins et al., 2005).

Utilizing waves as a source of renewable energy offers
significant focal points over other methods of energy
generation such as solar and wind. Sea waves offer the
highest energy density as it can travel large distances with
little energy loss. By utilizing sea waves, the yielded power
density is 2 - 3 kW/m2 compared to solar with power
intensity only up to 0.2 kW/m?2 or wind with power
intensity up to 0.6 kW/m2 (Mwasilu et al., 2019). The
minimum values of wave height, tidal range, current and
wind speed that make wave generation a profitable
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Therefore, in this study, a preliminary experiment was
performed to investigate the relationship among velocity,
wave run-up and wave steepness in perforated
breakwaters with the variation of structure slope.

2. Methodology

The flow velocity of wave through a perforated breakwater
due to run-up waves will be modeled (Fig. 1). After the

model geometry of a perforated breakwater slope has been
created, numerical modeling was carried out using one of
the Computer Fluid Dynamic (CFD) programs, namely
FLOW-3D (Abdullah et al., 2017; Setyandito et al., 2020).

Various conditions determine the dimensions of the
modified perforated breakwater. The modified perforated
breakwater modelling measure is based on the HWL (High
Water Level), MSL (Mean Sea Level) and LWL (Low
Water Level) values that occur at model variation.
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According to Lépez et al. (2015), the capture factor
measures the efficiency of the oscillating water column
(OWC) chamber by comparing the pneumatic power to the
incident wave power. The tidal level affects the capture
factor, which depends on the damping value—it increases
with small and intermediate damping but falls with large
damping. Tests in regular or monochromatic waves are
mainly conducted. A slope angle of 45° to 75° for the
modified perforated breakwater is used to increase the
amount of dynamic pressure in the modified perforated
breakwater space (Binumol et al., 2015).

The modified perforated breakwater model was tested
in the computer of BINUS University laboratory. The
modified perforated breakwater model and its dimensions
are demonstrated in Fig. 2a. The diameter of the holes was
2 cm (Fig. 2b) and the porosity was 0.09. Porosity is the
area of total hole space in a model unit (56 holes) divided
by the surface slope area (30 cm x 65 cm). The water depth
variations at HWL, MSL and LWL are 33 cm, 29 ¢cm, and
25 cm, respectively (Fig. 2¢). The initial fluid elevation was
set at 0.25 m, and the wave was generated at the inlet of
the flume using Stokes (Binumol et al., 2015). Simulations
were conducted with wave height of 0.15 m, mean fluid
depth 0.25 m, wave period 8 s, current velocity (x-
direction) 0,7528 m/sec. The numerical modelling was run
using an intel 17 16 processors computer, with a 240 s
finish time of running. Physical modeling was using the
wave flume with length, width and height of 20 m, 1 m and
1.5 m, respectively (Fig 3). The probe utilized to measure
the water particle velocity in front of the perforated
breakwater. A video camera installed to record the water
particle velocity inside breakwater.

In this experiment, the air compressibility is negligible
because the model scale utilized is small (Zhang et al.,
2012). As such, the study only simulated water as the fluid
inside the modified perforated breakwater space with
applying FLOW-3D CFD 3D model. FLOW-3D could
model the complex drag phenomena and utilize the proper
fluid volume method to trace the fluid interface (Mampaey
& Xu, 1995). The 3 (three) dimensional representation of
mass continuity and momentum are shown by equations
(1) and (2), respectively, below:

VeZ+ = (pu,A;)=0, 1)

6pui+ 1 [)(puiujAj):_ p og. 1
ot Ve 0xj oxi 1 Vg

— %A]’ [}1 (f—:;+;—2) -P(u'iu'j)] =0 (2
where p is density of fluid, gi is gravity, i and j in subscript
as 1, 2, 3 defining the x-, y- and z-directions, xi and x;j are
the cartesian coordinate, ui and u; are the averaged
velocity components in subscript direction, t is time, p is
the averaged pressure, p is the absolute viscosity of the
fluid , Vr is the fractional volume open to the flow, A
defines the area for the subscript direction, and lastly the
p(u’ju’;) is the Reynolds stresses term.

Yakhot and Orszag (1992) initially derived the RNG
(Renormalization Group) turbulent model based on the k-
¢ turbulent model and improved it by Yakhot et al. in Shih
et al. (1995) with scale expansions for the Reynolds stress
and production of dissipation terms. Speziale and
Thangam in Siginer (2015) specified that the RNG model
could be a turbulence model, both for practical engineering
and scientific purposes. Then, both numerical and
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physical 3D modeling result are analysed (Shih et al.,
1995; Siginer, 2015).

3. Result and Discussion
3.1 Wave Run-up on Breakwaters

The run-up phenomenon on standing waves has been
analyzed in various studies (Byeon & Wang, 2002; Cascajo
et al., 2019; Hajivalie et al., 2008; Tsai et al., 1999). Saville
(1956) and Whalin (1971) recommended the equation (3)
and (4), both are equations for wave run-up on slopes of
small beach for wave steepness with high values, as
follows:

B_[o mHf 1 S ——
ﬁ_\/;-'- L <tanh(2%d)> [1+4sinh2(%) 4cosh2(%) ©

Where L is the wave length and d is the depth of water.

R _ tanB
T 4

"

Where Ho is the deep wave height and Lo is the wave
length of deep water.

Hsu et al. (2012) recommended an empirical equation
(5) and (6) for the estimation of regular wave run-ups on
different sloping structures, with plane and impermeable
slope. This equation includes two parameters: the
Irribarren number § and the structure slope tan 6:

%=§,for§§2andtan6£é 5)

0.04/tan’6
%22@) , for§>2 andtan6>% (6)

In equation (5) and (6), the surf similarity parameter
is utilized to accommodate the relative importance of wave
breaking on a sloping beach. The independent parameter
is the beach slope, which is utilized in the equation to
implement the gravitational effect on the wave run-up on

a sloping breakwater structure.
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Fig. 4 The relation between numerical and physical modeling of
relative wave run-up (Ru/H)
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Equation (7) is valid for the Irribarren number §
beyond the conventional range of { < 2 and for sloping
breakwater structures within the range of 1/5 < tan 6 <
1/2. According to Meer and Breteler (1990), the run-up
velocity becomes:

Vp/v/gH=V121s/(1-2/R,) (7

Where Ru is the maximum run-up relative to the sea
water level (SWL) and z is the location along the slope,
measured in vertical relative to the SWL.

Relative wave run-up from numerical and physical
modeling of 45° slope are utilized to validate the
simulation (Fig 4).

3.2 Analysis of Experimental Results

The wave tank generated linear waves with a length of
wave () of 2 m and wave height of 0.02 m in a water depth
of 0.5 m. The size of the dx grids varies from 0.1 m, 0.05
m, 0.025 m, and 0.01 m. Fig. 5 shows that from the
different sizes of the grids of dx = 0.025 m and dx = 0.01
m, that resulting wave height (H) and depth (d) of 0.02 m
and 0.5 m, respectively. After that, the relative water
depth (d/gT?2) and wave steepness (H/gT?) were calculated.
By using relative water depth and wave steepness value,
it is found that the generated wave conforms to the linear
wave theory (U.S. Army Corps of Engineers, 2002).
However, the grid size of dx = 0.025 m is considered
adequate to simulate wave interaction with modified
perforated breakwater structures.

The 2 (Two) — and 3 (three)-dimensional simulations
were then carried out for two different modified perforated
breakwater device configurations. Regular waves are
defined by their wave height and period. The calculated
scale factor compensates for the dimensional scale of these
quantities, allowing them to be properly reduced to the
model scale. The height of the specified waves is generated
by the harmonic oscillation of the wavemaker, which is set
to the needed amplitude. Fig. 6 presents a simulation of
free surface motion, while the fluid velocity is monitored
with a fluid probe (Fig. 7). A regular wave is defined as one
in which the waves are in nearly permanent form and
where the change in the height of the waves from one cycle
to the next occurs within the test duration. The speed and
direction of sea currents affect the velocity and path of
wave energy. Long and short waves are categorized as
tidal and wind waves, and they influence each other in
various ways (Neill & Hashemi, 2018).
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Fig. 5 2D Running Model Variation d = 0.5 m in grid sizes of dx
are 0.01 m, 0.025 m, 0.05 m, and 0.1

2D — 3

—_
(e
I

Water elevation (m)
o o
co [{=]
|

—
(]
—_
on
no
(=]
no
o
(@]
(=]

time (s)

Fig. 6 Comparison of 2D and 3D simulations of free surface
motion (A = 3.56 m)

The energy conversion rate is equal to the product of
velocity and force. The force in linear wave theory is
generated by pressure (i.e., F = pA), which is related to z.
As wave power is a result of pressure and velocity, it can
be measured by multiplying these and integrating across
depth.

In a symmetrical configuration, as shown in Fig. 8, the
front and back walls' immersion depth is the same. As
shown in Fig. 8, the back fence protrudes downward in an
asymmetrical configuration while the front wall has a
definite water depth. The structure dimensions are
referred from an experiment conducted by Morris-Thomas
et al. (2007). In Fig. 8, the velocity formed inside the holes
of the modified perforated breakwater increases up to a
maximum value of 0.44 m/s. This velocity distribution
inside the holes corresponds to velocity variations in the
range of 0.45 — 2 m/s within the regular wave field. Fig. 8
also shows that the velocity through holes on the
perforated breakwater can be used to supply and generate
energy to be converted into an electricity generator. This
velocity around perforated slope structures is a function of
wave steepness and angle of slope structure.

Although this simulation was conducted in shallow
water condition, the wave breaking was prevented to occur
by setting the flume boundary condition. The constraint of
wave steepness (H/L) < 0.008 for angle of slope structure
of 75°.
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Fig. 7 Fluid velocity magnitude monitored in fluid probe
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Fig. 8 The velocity at the perforated slope breakwater with
average wave height of 0.02 m and A of 2 m

3.3 Influence of Wave Steepness to the Velocity around
Perforated Slope Structures

Wave steepness (H/L) has an inverse relationship with
Ru/H (relative wave run-up) at an angle of slope structure
within 75°- 45° (Fig. 9). The relative wave run-up reduces
from 8.63 to 1.75 at wave steepness from 0.002 to 0.054 .
The following explains why this trend occurs. When the
Ho/Lo axis is maximum, so does the wave energy
dissipation value, therefore the run-up of wave is
decreasing. It is because, as the wave becomes shorter
(greater Ho/Lo), then the water particle velocity and
acceleration suddenly change. This shift created the
turbulence and as a result, the wave energy is dissipated
(Elbisy, 2015; Koraim & Rageh, 2013). The energy
dissipation can also be caused due to the perforated front
of the structure as the Ho/Lo increases (short wave). An
increase in Ho/Lo leads to higher flow velocity in the pores.
This causes an increase in velocity, which is resulting in
more loss of energy. This increase is equal to the square of
the flow speed.
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Fig. 9 The relation of wave steepness (H/L) on relative wave run-
up (Rw/H)
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Fig. 10 The relation of relative velocity (V/Vru) on relative wave
run-up (Ru/ H)

The measured relative run-up velocities (V/Vru) as a
function of relative run-up (Ru/H) are shown in Fig. 10 as
a function of the angle of slope structure between 45° and
75°. Run-up velocity (Vru) is a flow velocity during wave
run up on slope surface. Crucial parameters that
determine the relative run-up velocities (V/Vru) are the
incident wave steepness and the angle of the structure
slope. The fluctuation of wave steepness (H/L) parameter,
which is a function of the angle of the structural slope,
would influence the relative run-up (Ru/H). The breaker
type, breaker criterion, and reflection all influence the
relative run-up process. Fig. 10 illustrates that the
velocities on a perforated breakwater structure with an
angle of slope of 75° and a wave period of 1.2 S., 1.5 S., and
1.8 S., increase from 0.68 m/s to 1.46 m/s. These values
refer to the location where transitional wave breaking
takes place. The higher the wave period (T), then the
higher the run-up velocities (V/Vru). Also, the steeper the
structure, the bigger the relative run-up (Ru/H). When the
relative run-up velocities (V/Vru) increase, the volumetric
flow is also increase, and wave energy generated will
likewise increase.

4. Conclusion

The relationship among wave steepness, relative wave
and velocity run-up, together with the geometrical
characteristic of the perforated structures has been
analyzed. The higher the relative wave run up (Ru/H), the
lower the wave steepness (H/L) at an angle of slope
structure within 75°- 45°. The higher the wave run up
(Ru/H), the higher are the relative velocities (V/Vru). As
this velocity increase, the discharge inside perforated
breakwater will be higher which lead to higher wave
energy. Hence, the higher the relative velocities (V/Vru),
the higher the wave energy generated.

Future research is proposed to study the effect of
the variation of perforated breakwater performance with
variation of wave steepness and the influence of eddy
formation in and around the structures, with the purpose
of understanding how much potential wave energy can be
exploited.
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