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Abstract

Integrating coastal protection functions and wave energy conversion makes the OWC breakwater an environmentally
friendly and material-efficient innovation compared to conventional breakwaters. This research aims to determine the wave
runup height on the Sloped side of the OWC breakwater model and its internal pressure. Utilizing theoretical approaches,
a 1:20 scale laboratory model, dimensional analysis, and parameter relationships, the study investigates the effects of wave
interaction, model geometry, and water depth. The analysis reveals a positive correlation between the combined parameter
value (#) and relative pressure (P/pghs), highlighting the consistent influence of these parameters on pressure behavior.
Results show that a lower slope angle increases pressure, while variations in inlet opening sizes (hs) significantly affect
wave runup (Ru/Hi) and run-down (Rd/Hi). Larger inlet openings generally reduce the wave runup effect, though the
magnitude of this impact depends on the slope angle. The optimal configuration for the OWC breakwater model is
identified as an inlet opening size between 5 cm with a slope angle of 45° to 60°, providing relatively higher pressure while
maintaining stability. This combination improves the system's efficiency in absorbing and using wave energy.

Keywords: Reflection; Runup; Pressure; Breakwater; Oscillating Water Column.

1. Introduction

An Oscillating Water Column (OWC) breakwater harnesses wave energy while protecting the coast. This model can
be used on outer islands to reduce coastal erosion and generate electrical energy from wave motion. An Oscillating
Water Column (OWC) breakwater offers dual benefits: offering renewable energy to outer islands and protecting coastal
areas from the detrimental effects of ocean waves. Among wave energy concepts, the OWC system is considered one
of the most extensively studied and advanced technologies [1]. By harnessing power from ocean waves, OWC
breakwaters can serve as an energy source for outer islands. This system utilizes pressure fluctuations from waves
entering the water column. The energy extracted can be converted into electricity utilized for island-specific needs.
Nonetheless, site-specific evaluations of wave energy potential are crucial to assess the efficiency and reliability of these
systems, especially given the varying wave characteristics across different outer islands.

Conventional rubble mound breakwaters require a significant amount of construction material and are associated
with high costs. In deeper waters, the size of these structures must be increased, leading to further material demands and
higher costs [2-4]. Additionally, rubble mound breakwaters rely on a strong subgrade foundation to withstand the forces
acting upon them [3, 5]. The design and construction of resilient breakwaters depend on a thorough analysis of various
factors, such as structural stability against wave forces, the calculation of wave propagation, and the interaction of
breaking waves [6]. There are many alternative breakwaters with asymmetrical or sinking models that can be applied to
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reducing wave impact through wave deformation mechanisms [7]. Considering the natural resource constraints required
for large-scale construction materials, economic considerations play a critical role in breakwater innovation. One such
innovation is the development of hollow breakwaters, which offer a more sustainable solution. These columned
structures are environmentally friendly, conserve structural materials, and serve a dual purpose as wave energy
converters. By utilizing oscillating water column (OWC) technology, the water's motion inside the breakwater column
generates air pressure through an opening at the top, enabling wave energy capture.

Studies examining the geometry of inlet openings and tilt angles in OWC system design have produced various
findings. For instance, Iturrioz et al. [8] investigated small aperture sizes ranging from 2 mm to 50 mm using Open
FOAM simulations, focusing on how wave height and Slot size affect system performance. Daniel Raj et al. [9]
introduced the concept of a harbor wall to improve the hydrodynamic efficiency of OWC systems, but the geometry of
the inlet opening was not explicitly analyzed. Research by Elhanafi et al. [10] explored the effects of underwater lip
depth and thickness on OWC performance, emphasizing underwater geometric design rather than inlet openings.
Similarly, Ning et al. [11] focused on U-shaped geometry by modifying the vertical channel height and available space
width but does not explicitly address the variation in the inlet opening. Other studies, such as Vyzikas et al. [12]
examined four distinct OWC geometries on chamber design. At the same time, Deng et al. [13] analyzed the ratio of
openings at the top of the chamber relative to a horizontal bottom plate. Conversely, Mahnamfar & Altunkaynak [14]
and Bouali & Larbi [15] explored the general optimization of OWC chamber geometry and various configurations to
improve energy conversion without concentrating on specific inlet openings. Lastly, Oh & Han [16] directly investigated
the impact of inlet geometry on wave energy capture efficiency, providing insights into how inlet design affects overall
performance. These studies underscore extensive research on OWC geometries but have limited focus on the combined
effects of inlet opening size and slope angle on hydrodynamic performance, a gap that this study seeks to address.

The principle of the OWC breakwater is a watertight structure with a column inside and an orifice at the top. Since
the breakwater is shaped like a trapezoidal prism, it is important to study the wave deformation, wave runup, and pressure
at the orifice. To determine the crest elevation of the breakwater structure based on the runup height, the runup height
(Ry) and pressure (P) are influenced by the magnitude of the incident wave height (H;), the inlet opening (h s), and the
slope angle (a).

The integration of OWCs with breakwaters is an innovative approach that offers a dual solution for renewable energy
management and coastal protection. The research conducted shows the great potential of this approach, although there
are still challenges that need to be overcome for large-scale implementation. With the development of technology and
improved understanding of wave interaction with integrated structures, the development of OWC breakwaters becomes
more feasible. Taking into account the efficiency of the structure by considering wave deformation, wave runup, energy
capture, and the ease of applying empirical equations in structural planning is important in practice. The main objective
of this research is to obtain the maximum wave runup on the OWC breakwater structure to determine the efficiency of
the OWC breakwater shape and the performance of the oblique side OWC breakwater as a wave energy converter. The
goal is to find the empirical equation that relates wave parameters, breakwater structure parameters, wave runup, and
water column oscillation pressure.

This article is prepared to provide a systematic understanding of the research conducted. Section 1 presents the
background of the research, explaining the issues and why the research is necessary, the importance of the research
topic, its contribution to understanding or solutions to the problem, an overview, and the limitations of the issues to be
studied.

e Conventional wave breakers, like rubble mounds, are inefficient for deep waters or remote areas due to their high
material requirements, costs, and need for strong foundation support. Many studies on Oscillating Water Columns
(OWC) have not emphasized the specific geometric effects, such as inlet opening size (hs) and slope angle (a), on
relative pressure efficiency and structural performance. Outermost islands require efficient solutions to reduce
coastal erosion while simultaneously generating renewable energy, but the implementation of OWC in these areas
faces challenges due to significant sea wave variability. Research is needed to evaluate how variations in geometric
design (inlet opening and slope) can enhance relative pressure efficiency and wave runup on OWC breakwaters,
which has not been "extensively researched."

e The importance of this research topic offers a dual solution: protecting the coast from the impacts of erosion while
simultaneously generating renewable energy for remote islands that are difficult to connect to conventional energy
networks. Integrating the functions of coastal protection and wave energy conversion makes the OWC breakwater
an environmentally friendly and material-efficient innovation compared to traditional breakwaters. By examining
the effects of inlet size and slope angle on relative pressure and wave runup, this study fills a gap in the literature
that has previously lacked focus on these parameters.

e The contribution of this research will yield empirical equations that describe the relationship between wave
parameters (Hi), breakwater structure parameters (hs), and (), as well as wave responses such as runup and
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oscillation pressure. These findings will guide the design of more efficient and practical OWC breakwaters,
particularly for applications in areas with limited resources. This study could be a key reference for optimizing
OWC geometry to improve hydrodynamic efficiency, facilitating wider application in diverse wave conditions.

e The research description focuses on the effects of inlet opening size (hs) and slope angle (o) on relative pressure
(P/pghs) and wave runup height (Ry) on the OWC breakwater structure. The analysis is conducted at specific water
depths (17.5 cm, 21 cm, and 24.5 cm) to understand the system's response to "changes in these parameters."

o The scope of this study does not include other technical aspects such as structural materials, resistance to corrosion,
or economic aspects of system implementation. The variation in inlet opening sizes is limited to values relevant to
the experimental design, and the analysis focuses on relative pressure and wave runup as performance indicators.
The research is limited to laboratory settings, necessitating further validation for large-scale field applications.

Section 2 describes the research methodology, including the experimental design, measures used, and data analysis
methods. Section 3 presents research findings on how inlet opening size (hs) and slope angle (o) affect relative pressure
and wave runup at different water depths. Furthermore, the discussion regarding the implications of the research
findings, comparisons with previous studies, and the evaluation of OWC breakwater efficiency is present in Section 4.
Finally, Section 5 provides the main conclusions of this research, including the developed empirical equations and
recommendations for the future development of OWC breakwater design.

2. Theoretical Foundation
2.1. Wave Deformation

As waves travel from the deep sea to shallow waters protected by coastal structures, their speed, height, and possibly
direction change. However, the wave period is considered constant throughout its journey. The factors that cause this
change in wave characteristics are the depth and depth variation of shallow water. Wave parameters change due to
shoaling, refraction, and breaking. If a wave encounters an obstacle along its way, it will experience scattering
(diffraction) [17].

Wave deformation events can be explained as follows: Wave refraction is a phenomenon in which the direction of
motion of the wave crest changes or deflects; wave diffraction occurs when energy moves along the wave crest to a
sheltered area; and wave reflection is the process of reflecting wave energy, usually caused by the presence of structures
in the coastal area. Equation 1 describes the coefficient of wave reflection.

Hy Er
Kr = H_l = E_l (1)

Here, K, represents the refraction coefficient, H, denotes the height of the reflected wave, Hi refers to the height of
the incident wave, E, indicates the energy of the reflected wave, and E; signifies the energy of the incident wave. The
building reflection coefficient is estimated based on model tests, where the reflection energy is E; = Y2pgHr2 and the
incident wave energy is Ei = ¥2pgHi2, where p is the mass density of the liquid and g is the acceleration of gravity. The
value of K, ranges from 1.0 for total reflection to 0 for no reflection. The values of K in energy-absorbing building types
are shown in Table 1 [17].

Table 1. Reflection Coefficient

Energy-absorbing building type Kr
Vertical wall with a peak above the water 0.7-1.0
Vertical wall with submerged top 05-0.7
Sloping side stone pile 03-05
Concrete block piles 0.3-05

Vertical building with energy absorbers (with holes)  0.05-0.2

2.2. Wave Energy

Wave energy can be categorized into two types: Kinetic energy, generated by the movement of particles due to wave
motion, and potential energy, caused by the displacement of the water surface as waves pass. According to the theory
of small-amplitude waves, when wave energy is measured relative to the still water level and all waves propagate in the
same direction, the kinetic and potential energy components are equal [17]. The total energy per unit width of a wave
over one wavelength is described by Equation 2.

2
E, = B +E, =22 @)
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The mean energy per unit area is represented in Equation 3.

_ Et _ pgH?*

E=—==— 3)
where Ei is the kinetic energy unit wavelength width (joule/m), E; is the potential energy unit wavelength width
(joule/m), E; is the total energy unit wavelength width (joule/m), E is the average wave energy unit area (joule/m?), H is
the wave height (m), p is the mass density of water (kg/m3), g is the acceleration of gravity (m/s?). Wave power (P) is
the wave energy per unit time in the direction of wave propagation.

p="E 4)

where, n is the wave energy factor valued in Equation 5.

n=1@+ ”d) (5)

2 sin h2kd

2.3. Wave Runup

When a wave hits a building, it will rise (run-up) on the building surface, shown in Equation 6 [17]. Where Ir is the
Iribarren number, 6 is the angle of inclination of the breakwater side (°), H is the wave height at the building site (m),
L, is the wavelength (m). Runup is used to determine the elevation of the beach building lighthouse, while rundown is
used to calculate the stability of rip-rap or revetment.

tgl

Ir= @ ©)

Lo.

2.4. Water Column Oscillating

To determine the wave forces there are several theories that can be used, but in this experiment using airy theory or
simple wave theory [18]. To calculate the pressure going to the orifice using Equation 7.

Pz_Po=P(Z_: %"‘PA%(VZ_VJ )
where P represents the air pressure at the orifice (Pa), Po is the atmospheric pressure outside the system (Pa), g is the
gravitational acceleration (m/s?), T denotes the wave period (sec), f. is the resonant frequency of oscillation in the column
area (Hz), w. is the angular frequency of the wave in the column area (rad/s), v. indicates the velocity of air flowing
within the OWC column (m/s), v, refers to the velocity of air passing through the orifice (m/s), A; represents the cross-
sectional area of the OWC column (m?), A, denotes the cross-sectional area of the orifice (m?), Q; is the air flow rate in
the OWC column (md/s), Q; is the air flow rate at the orifice (m®/sec), ¢1 corresponds to the potential velocity in the
OWC column (rad.m/s), and ¢ is the potential velocity at the orifice (rad.m/s).

2.5. Model Basic Law

The basic concept of modeling using scale models is to replicate a real-world problem or phenomenon on a smaller
scale, ensuring that the behavior observed in the model matches that in the prototype. This basic concept is achieved
through geometric, kinematic, and dynamic fit [19]. The Relationship between the model and the prototype is defined
by scaling because scaling governs how the physical characteristics of the model compare to the original prototype, with
each parameter having a unique scale factor. Scale refers to the ratio of a parameter's value in the prototype to its
corresponding value in the model.

Geometric congruence refers to a condition where the model maintains the same shape as the prototype, though its
size may differ. The ratio of all corresponding lengths between the model and the prototype remains constant. There are
two types of geometric congruence: perfect geometric congruence (without distortion) and geometric congruence with
distortion (distorted). In a geometrically ideal model, the length scale in the horizontal direction and the length scale in
the vertical direction are the same, while in a distorted geometric model, the length scale and height scale are not the
same. If possible, the model should be scaled without distortion so that the results of tests or simulations performed on
the model remain valid and can represent the actual conditions of the prototype. However, in some cases, distorted
models are used when technical or practical limitations prevent the creation of a genuinely proportional model, for
example, due to space or cost constraints in making physical models. Geometric equivalence can be expressed in the
form of Equations 8 and 9 as follows:
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m =2 ®)
h
np = ﬁ €)

with n. being the length scale, ny being the height scale, L, being the length of the prototype, L being the length of the
model, hp being the height of the prototype, and hy, being the height of the model.

Kinematic congruence is a congruence that satisfies the criteria of geometric congruence, and the comparison of
velocity and acceleration of the flow at two points on the model and prototype in the same direction is the same. In the
model without distortion, the ratio of velocity and acceleration in all directions is the same. For the application of models
with distortions, the scale ratio is usually not uniform in all directions, usually applied in the vertical or horizontal
direction due to space, cost, and technical aspects such as sensor resolution or material thickness. The velocity scale ny,
the discharge scale notated nq, time scale n; are defined in Equations 10 to 12.

Lp
Vp (E) Lptm _ np
VT U (i_:vnm) Lntp  1g
=)
N - B (1
am (ﬁ) Vintp  neng  ng?
t
n, = i (12)

Dynamic congruence fulfills the criteria of geometric and kinematic congruence, and the ratio of forces acting on
the model and prototype for all flows in the same direction is equal. The forces are inertial force, pressure force, weight
force, friction force, springy force, and surface tension. Some dynamic constructs are the Reynold number, which
describes the ratio of inertial force to friction force; the Froude number; the Froude number, which is the ratio of inertial
force and gravitational force; the Cauchy number, which is the ratio of inertial force and elastic force; and the Weiber
number, which is the ratio between inertial force and surface tension force.

2.6. Dimensional Analysis Method

Dimensionless numbers are used to express relationships between parameters and are used to describe research
results. Determining the dimensionless number can be done by dimensional analysis [19]. Buckingham Pi theory is the
relationship between a function expressed in terms of dimensional parameters and another function expressed in terms
of nondimensional parameters. Buckingham PI theory aims to obtain a nondimensional number or numbers. A physical
problem has ‘n’ parameters, one of which is an independent parameter, then the relationship between these parameters
is expressed:

¢ = (42,93, - qn) (13)

where g1 is the independent variable, g2, gs,...0n are n-1 independent variables. Equivalent mathematical statements:

9(q1,92,93, - qn) =0 (14)

where g is any function that is not f.
Buckingham PI theory states that in a physical problem with n quantities where there are m dimensions (except in
some cases), there will be n-m dimensionless parameters or called = parameters, which satisfy the equation:
G(1y, My, 3 .. p) =0 (15)
T = Gy(T5, T3, e ) (16)
The relationship between the parameters (dimensionless numbers) is determined experimentally, not using the
Buckingham PI theory. The procedure for determining the non-dimensional group () as follows:

1. Arrange all the variables involved, write the primary dimensions of the variables above, and write all the
dimensions of the variables according to the primary dimensions used.

2. Select the “repeated variable” with the number equal to r, and all primary dimensions are in the repeated variable.

3.Recurring variables are variables that are used in the calculation of all 7 groups. Recurring variables can appear in
7, so do not mistakenly select an independent variable as a recurring variable.
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4. Set up (n-m) equations to get dimensionless groups.

5. Determine 7 groups if the variables can be expressed in different dimensional systems.

3. Research Methodology

3.1. Research Location and Variables

The study was carried out in the Hydraulics Laboratory of the Civil Engineering Department, Faculty of Engineering,
Hasanuddin University, located in Gowa, South Sulawesi. The variables studied were wave runup (Ru), pressure (P),
wave period (T), wave height (H;), water depth (d), inlet opening (hs) and slope angle (). The breakwater model in this
study, the model made is based on the concept of coastal protection which also captures wave energy. The OWC wave
flume model is shaped like a trapezoidal prism and has an inlet hole with a side opening water column and has a hole
on top to release air pressure from inside the model space. Figure 1 is the side view of the wave flume, and the position
of the model and Figure 2 is the plan of the OWC wave combustor model.
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Figure 1. Side view of the wave flume and model position

100 cm }' h

(© ()

Figure 2. (a) OCW breakwater model with front view, (b) top view, (c) side view of the model with slope and opening
variations, and (d) model perspective

The wave flume is constructed with a steel frame and glass walls and is equipped with a wave generator and a
wave damping device. The channel has dimensions of 15 m in length, 0.3 m in width, and 0.5 m in height, with an
effective water depth of 0.46 m. It is also integrated with a computer system running wave measurement software,
which records and outputs wave height readings, including Hmax and Hmin. The model tests were conducted at a
scale of 1:20 based on the principle of hydrodynamic similarity (Froude similarity), which ensures that dominant
forces such as gravity are accounted for in the hydrodynamic similarity principle, and this scale is commonly used
in laboratory modelling of coastal infrastructure. Figure 3 shows the wave generator used in the laboratory for
research.
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Stroke

Figure 3. Model of wave flume and flép pwave generating machine

The wave-generating machine used in this study is a flap type. Waves are generated by a flap-type wave generator,
in which the lower part of the flap is equipped with a hinge, while the upper part of the flap is connected to the drive
disc through a stroke system. The flap movement is a rotational movement controlled through the rotation of the drive
disc. It is this reciprocating movement of the flap that serves to generate waves.

Devices used for wave reading include wave probes, wave monitors, and computers. The wave probe plays a role in
measuring the water level or wave elevation, which is then reported through the wave monitor and recorded using the
WVFW (Wave View for Windows) application. The characteristics of waves commonly generated by wave generators
in wave generation channels range from 2 to 12 cm, with periods ranging from 0.6 to 6 seconds. The type of wave
generated is a regular wave. The wave height can be varied through adjustments to the stroke or disc in a wide range of
variations, aiming to change the amount of flap deviation. Similarly, the wave period (T) can be adjusted by adjusting
the rotational speed of the disc. A wave damper or wave absorber is used to dampen the waves at the end of the wave
channel. In this study, the wave damper is a pile of rubber with coarse fibres like a mat placed under the water surface
layer.

3.2. Research Tools and Materials

In carrying out the OWC breakwater physical modelling process, the tools and materials used in the laboratory
research consist of:

o Wave flume equipped with wave drive and wave height reading unit.

Millimetre paper for measuring runup and rundown wave height.

Pressure gauge for measuring air pressure.

Camera for documentation.

Recording form and stationery.

Mechanical equipment to replace pulley and stroke.
o Workshop equipment for making models.
e The model materials used in the research are acrylic for model making and additional materials for adhesives and
SCrews.
3.3. Model Scale and Simulation Design

The model scale is determined based on the variables under investigation, while the design of the OWC breakwater
model considers the laboratory facilities, available materials, and measurement precision. The scale and dimensions of
the model are detailed in Table 2.

Table 2. Model dimensions

Dimensions Prototype (m) Model (cm)
High 7 35
Top length 6 30
Bottom length 20 100
Inlet slope (hs) 1,2,3 5,10, 15

Slope (6=1,2,3,4,5) 45°,60°, 90°,120°, 135°  45°, 60°, 90°, 120°, 135°
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This study was conducted based on experimental variations designed for each parameter. There were 55 test
variations for each slope () model of the OWC breakwater, with simulation variations including opening variation (hs),
depth variation (d), and wave period (T). Table 3 presents the model simulation scenarios, and the parameters used in
the study.

Table 3. Simulation scenarios and research variations

Slope model (@) Inlet opening (hs)  Water depth (d) Period (T)
©) (cm) (cm) (sec)
Slope 45 5,10, 15 175,21, 245 11,12,13,14,15
Slope 60 5,10, 15 175,21, 245 11,12,13,14,15
Slope 90 5,10, 15 175,21, 245 11,12,13,14,15
Slope 120 5,10, 15 175,21, 245 11,12,13,14,15
Slope 135 5,10, 15 175,21, 245 11,12,13,14,15

3.4. Research Implementation

The simulation was carried out by first taking measurement data of water depth (d) against the model height (B) with
variations of 0.5, 0.6, and 0.7 against the model height. Data collection and observation of wave height were measured
and recorded at 2 points in front of the model. The implementation of wave height measurement, runup, rundown,
reflection, and pressure measurement are carried out when the generated waves are in a stable condition after being
produced. The implementation procedure is as follows:

e The wave breaker structure used as a research model is placed in the center of the wave flume, as shown in
Figure 1.

o Fill the wave flume with water based on the predetermined variations in water depth.

o Set the wave period by rotating the variation on the main machine, then adjust the flap displacement according to
the stroke scale.

¢ Adjust the position of the probes. For probes 1 and 2, they are set in front of the model at positions %2 and ¥4 of the
wavelength, according to the depth and wave period.

o Calibrate the probes to facilitate data recording on the WVFW software, with readings from probes 1 and 2 starting
from point 0 (water surface).

¢ Setting the duration of data collection by adjusting the frequency on the WVFW and determining the number of
wave samples.

e Initiate the collection of wave height data, wave reflection, runup, rundown, and pressure by pressing the ‘wave
maker start' button on the control panel, then commence data recording by the WVFW when the waves are stable
or shortly after the waves are generated.

o Stop data recording after the wave graph appears on the monitor, then turn off the machine by pressing the 'wave
maker stop' button on the control panel.

e Convert the WVFW reading data into ".xIsx' format by using the export command on WVFW.
e Performing steps 1-9 for each parameter variation.

3.5. Research Visualization Sketch

The visualization sketch of runup (the maximum height of waves rising to the surface of the breakwater) and
rundown (the maximum height of waves descending after runup) on the OWC breakwater model can be seen in Figure
4 to understand the wave interaction patterns with variations in slope, inlet size (hs), and water depth (d).

Figure 4 illustrates four variations of the inlet opening parameter (hs), slope (), and water depth (d) as a visualization
sketch of the research. The inlet channel opening affects the efficiency of wave energy capture, while the slope
influences the stability of the structure and hydrodynamic performance. The research sketch describes the visualization
components where the x-axis shows the slope of the wave breaker (45°, 60°, 90°, 120°, 135°). The y-axis shows the
conditions of high runup, and rundown (m) measured from the average water surface. The water depth measurements
(d) include 17.5 cm, 21 cm, and 24.5 cm. The Inlet size (hs) includes closed conditions, 5 cm, 10 cm, and 15 cm. The
points to be analyzed are the effects of slope variations, how slopes of 45° to 135° influence the runup and rundown
patterns, and the visualization of wave energy flow on gentle versus steep slopes. The inlet sizes (hs), the comparison
of closed inlets at 5 cm, 10 cm, and 15 ¢cm on OWC efficiency, and the relationship between inlet size and water
oscillation amplitude within the chamber. The influence of water depth (d), the effect of three water depths on relative
pressure (P/pghs) and water oscillation, and the impact of depth on the effectiveness of the OWC model in dissipating
wave energy. The combination of effects (slope-inlet-depth) and how the combination of slope, inlet, and depth creates
synergistic effects or trade-offs.
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Figure 4. Visualization sketch of wave runup and rundown (inlet closed (a), 5 cm (b), 10 cm (c), and 15 cm, as well as
variations in slope and flow depth)

The flowchart of the research process is a visual representation of the steps or stages taken in the research. It helps
to provide a clear overview of the research flow, from the initial stage to the final stage. The research flowchart is shown
in Figure 5.

=
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Figure 5. Research flow diagram
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The initial stage is the literature study, which involves conducting a literature review related to previous research
concerning OWC breakwaters and understanding the capacity of wave generation devices in producing wave height and
maximum wave period. It is essential to know the capacity of the flume that will be used in the testing. Wave Flume
Characteristics involve determining the characteristics of the flume, including capacity and wave measurement
parameters.

The main processes carried out are the design of the OWC wave breaker model and the creation of the OWC wave
breaker model, namely designing and creating a wave breaker model based on OWC. Model testing and stimulation,
namely conducting testing and simulation of the breakwater model in the laboratory. Data capture, namely by measuring
wave parameters such as incident wave height, reflected wave height, wave runup, air pressure, and wave period.

Data analysis is processing and analyzing data to gain an understanding of the model's behavior. Determination of
research variables is determining the variables to be used in the study, such as wave height, wave transmission, air
pressure, and runup. The laboratory stage is collecting laboratory data by measuring parameters such as incoming wave
height, wave transmission height, wave runup, air pressure, and wave period.

Data input is entering data such as Hmax, Hmin, T, d, P, Ry, Rq. Calculation and analysis are calculating wave height
(H;), observation or calculation of wavelength (L), water depth (d), reflection coefficient (H;), runup (Ru), and pressure
(P). Dimensional analysis is conducting dimensional analysis to identify dimensionless parameters such as the
relationship between Ry/H; and Ir, the relationship between Ru/H; and hs/L, the relationship between R,/Hiand d/L, the
relationship between P and H;, the relationship between P/pghs and Hi/L, the relationship between P/pghs and d/L, and
the relationship between P/pghs and H;.d/L2.

The final section interprets and provides conclusions from the results of analyzing the graph results to conclude the
behavior of the OWC model based on the parameters tested and then provides recommendations for OWC design and
performance. The research method above has explained using a flume wave generator to create waves with measurable
characteristics. The experimental process involves parameters measured with accurate instruments, such as wave height,
runup, air pressure, and wave period.

4. Results and Discussion
4.1. Wave Height

Wave height data validation in tests without a breakwater ensures the reliability of the obtained data. This process
also verifies the accuracy of measuring instruments in capturing wave height, enabling further analysis. Validation is
performed by comparing the results with previous studies [20, 21], focusing on wave period (T) and wave height (Hi).
The results of the wave height study were juxtaposed with the results of Dean and Dalrymple's calculations regarding
hydrodynamic characteristics for porous sea walls protected by submerged breakwaters. The wave height data in this
study follows a similar trend and aligns with the findings of Huddiankuwera et al. [21] and Dean & Dalrymple [22], as
shown in Figure 6.
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Figure 6. Wave height data validation
4.2. Water Level Fluctuation

Data on water level fluctuations were obtained by converting the time series recorded by the wave probe, with the
calibration results of the wave probe adjusted based on the variation in water depth for each specific probe. With 250
samples recorded, the water level fluctuations at wave probes 1 and 2 are depicted in Figures 7 to 9. The experiments
were recorded using variations in water depth (d) of 17.5 cm, 21 cm, and 24.5 cm, and wave periods (T) of 1.1, 1.2, 1.3,
1.4, and 1.5 seconds, as designed variations for each model.
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Figure 9. Change in water surface height at depth (d) 24.5 cm

Figures 7 to 9 demonstrate that the waves are sinusoidal graphs, allowing the maximum and minimum wave heights
to be determined. Table 4 presents the complete data on wave characteristics resulting from the study's variations.
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Table 4. Wave characteristics at (d) 17.5 cm, 21 cm, and 24.5 cm and the ratio of d to H/L change

dcm) T(s) Humax Hmin H(cm) L (cm) H/L
11 4.676 4211 6.782 147 0.046

12 3.531 3.474 5.268 165 0.032

175 1.3 4.107 3.760 5.987 182 0.033
14 3.063 2.964 4544 198 0.023

15 2.754 2.628 4.068 215 0.019

11 5.953 4.877 8.391 139 0.060

12 3.540 3.346 5.213 153 0.034

21 13 4.843 4.169 6.928 171 0.041
14 3.453 3.378 5.142 186 0.028

15 3.072 2.670 4.407 201 0.022

11 6.654 5.308 9.308 130 0.072

12 3.461 3.408 5.165 144 0.036

24.5 13 5.246 4.659 7.576 158 0.048
14 3.453 3.314 5.110 172 0.030

15 3.308 2.772 4.693 186 0.025

From the measurement data of 250 samples from probes 1 and 2, the regression formula yields the Hmax and Hmin

values for each probe. The simulation results of wave height data collection obtained from automatic recording from a
computer equipped with wave monitoring software and Eagle DAQ if converted into the calculation of wave steepness
(Hi/L) with wavelength according to water depth, the comparison results show significant differences between (d) 17.5
cm, 21 cm, and 24.5 cm. One of the wave interval calculation results in period 1.1 with stroke 6 has a wave height
interval Hpax 0f 5,549 cm and Hpin 0f 4,942 cm at a depth of (d) 17.5 cm, at a depth of (d) 21 cm has a wave height
interval Hmax of 7,028 cm and Hpin 0f 5,841 cm, and at a depth of 24.5 cm has a wave height interval Hpax 0f 8,337 cm
and Hmin 0f 6,130 cm.

4.3. Pressure Measurement

Pressure data validation in the experiment is conducted to confirm the reliability of the obtained results and to ensure
the accuracy of the instruments used in measuring the pressure generated by the OWC breakwater, thus enabling further
testing. The experimental measurement results are compared with theoretical results, and the percentage error and the
value of (R) are determined. Figure 10 presents the results in graphical form, illustrating the relationship between wave
height (H;) and pressure (P) at depths of 17.5 cm, 21 cm, and 24.5 cm. The graphical results show the same trend,
although there is an insignificant numerical difference.
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Figure 10. Experimental and theoretical pressure measurement results for water depths (d) of (a) 17.5 cm, (b) 21 cm, and (c) 24.5 cm

The R-value obtained from the experiment and theoretical calculations, based on the criteria for the R-value, indicates
a strong to very strong correlation between the theoretical and experimental results. The R-value range observed is
between 0.7986 and 0.9192. According to Soewarno [23], the correlation coefficient is a statistical measure of the
covariance or relationship between two variables. To interpret the strength of this relationship, the following criteria are
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used: R = 0 (no correlation), 0 < R < 0.25 (very weak correlation), 0.25 < R < 0.50 (moderate correlation), 0.50 <R <
0.75 (strong correlation), 0.75 < R < 0.99 (very strong correlation), and R = 1.00 (perfect correlation). The error rate
deviation, based on the Mean Absolute Error (MSE), ranges from 0.2240 to 0.2693, indicating that the accuracy of both
the experimental and theoretical results is very good, as evidenced by the relatively small error rate. In research on the
mathematical modeling of oscillating water columns, which compares the pressure drop between experimental and
theoretical results, the average value and waveform are nearly identical [24].

4.4. Dimensional Analysis

The dimensional analysis has important objectives as it aims to understand the relationships between variables, to
form groupings of variables into dimensionless parameters (reducing the number of variables in the form of parameters),
to maintain the consistency of relationships between variables, and to avoid spurious relationships, to assist in
determining methods and the implementation of data collection (simulation and surveys), to aid in creating model scales,
and to help find concise relationships between variables in the form of equations or formulas.

The dimensional analysis performed by the Pi Buckingham method obtained dimensionless parameters, for the
relative runup height can be expressed as shown in Equation 19 below:

f(Gin ) =0 an

Ru s d

m=r () or f=p (1) (18)
With the height of the run-up (Ru) stated as shown in Equation 15.

Ry _ hg.d

Factors that affect runup (Ry) are flow depth (d) where the depth of water around the structure affects how waves
interact with the breakwater. Inlet opening (hs) where the size of the inlet opening affects the amount of water that can
enter the structure, which in turn affects runup (Ry) and rundown (Rq). Wave period and height (T, Hi) where waves of
a certain period and height will interact differently with the structure, affecting runup (Ru) and rundown (Rgq). Using
dimensionless variables allows comparison and generalization of analysis results for various wave and structural

conditions. For ease of writing, dimensionless numbers are (Ir ) are denoted by ().

Changes in air pressure in the OWC breakwater model can be expressed in a functional relationship as can be seen
in Equation 22 as follows:

f(P-'H—i'g)=° (20)

pgHi™ L 'L
o = F () o =1 () @)

The air pressure in the OWC breakwater model stated as shown in Equation 18.

=1 () (22)
The pressure change in the OWC breakwater model can be expressed in terms of a functional relationship p;h =
f (HLi'Zd) this shows that the pressure is affected by the combination of several physical parameters in a certain form. The

air pressure (P) refers to the pressure generated by the oscillation of water in the column. The wave height (H;) is the
maximum crest height of the water wave. The inlet opening height (hs) represents the height of the opening through
which water enters the column. Flow depth (d) is the depth of water within the OWC column. The wave period (T) is
the time it takes for one complete wave cycle. Gravitational acceleration (g) is the constant of Earth's gravity. Water
density (p) is the mass per unit volume of water. To simplify the expression of dimensionless parameters, the

d) and ¢ = (Ir. = ;d)

In the context of research on the development of the Oscillating Water Column (OWC) model as a wave breaker,
the effects of experimental scale play a crucial role in evaluating and understanding the relationship between various
design parameters (such as slope, inlet size, and water depth) and response variables such as relative pressure (P/pghs),
wave deformation, or the energy efficiency produced. The significance of the effects of experimental scale in the
development of the OWC model is:

combination is represented by( ) denoted as (). The dimensionless parameters i = (HLi'Z
standardize the results for broader applicability across various conditions.
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e Measuring the impact of design parameters, the effects of experimental scale can help explain how changes in
design parameters (such as slope angle or inlet size) affect system responses such as relative pressure (P/pghs). If
variations in slope (a) result in significant changes in pressure, then the scale effect value will indicate the
magnitude of this influence compared to other parameters.

o Assisting in the identification of dominant parameters by measuring the scale effect, it can determine which
parameters (slope, inlet size, water depth, or resonance) contribute the most to the system response, thereby
allowing for a focus on optimizing design for those parameters.

o Validating practical relevance in the design of OWC-based wave breakers, statistically significant effects may not
be practically relevant. The scale effect helps ensure that design changes provide tangible benefits for operation in
real-world environments.

In Oscillating Water Column (OWC) wave studies, scale effects can measure how slope variations influence relative
pressure (P/pghs). These values help determine whether small design changes, such as inlet size or tilt angle, significantly
impact OWC system performance.

4.5. Effect of Non-Dimensional Parameters () on Runup and Rundown

To examine the influence of (£) with runup and rundown, a simulation of 45° and 60° slope models with closed
(hwwp) and open (hs =5 cm, 10 cm, and 15 cm) inlets at a water depth (d) of 17.5 cm was used. From the graph, the
relative runup value (Ry/H;) tends to be greater at a slope of 45° than at a slope of 60°. In Figure 11-a for 45° and 60°
slope variations () at an open inlet (hs) of 0.05 m, it can be seen that the larger value of the non-dimensional parameter
(¢) causes the trend of the relative runup to be larger for a 45° slope. In contrast, at a 60° slope, the larger value of the
non-dimensional parameter (&) causes the relative runup trend to decrease. The relationship of (&) with Ry/H; and
Ra/H; presented in Figure 11-b for 45° and 60° slope variations («) at an open inlet (hs) of 0.10 m shows consistency.
That is, the value of the non-dimensional parameter (£) provides similar trends in Ry/Hi and R¢/H; at inlet opening (hs)
0.10 m for both slope inclinations. In Figure 11-c for 45° and 60° slope variations («) at inlet opening (hs) 0.15 m, it
can be seen that as the value of the non-dimensional parameter (£) increases, the relative runup tends to decrease at
45° slope. In contrast, at a slope of 60°, the larger value of the non-dimensional parameter (&) causes the relative runup
trend to flatten, not experiencing significant changes. The relative runup value is larger at a slope of 45° compared to
60°, indicating that the waves climb more easily to the breakwater with a gentler slope. The relationship of non-
dimensional parameters () to relative runup varies with slope. At a slope of 45° increasing these non-dimensional
parameters tends to increase the relative runup, while at a slope of 60°, increasing these parameters tends to decrease
or stabilize the relative runup. Changing the inlet opening has a consistent effect on Ry/H; and Rq/H;, with larger inlet
openings generally reducing runup and rundown effects, although this effect can vary based on the slope and the non-
dimensional parameters used.
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Figure 11. The relationship between (&) and Ru/Hi, as well as Rd/H;i, for slopes (a) of 45° and 60°, with a water depth (d) of
17.5 cm, and inlet openings (hs) of (a) 5 cm, (b) 10 cm, and (c) 15 cm

At a water depth (d) of 21 cm shown in Figure 12, the values of Ru/H; are larger at a slope of 45° compared to
60°. Overall, the values of R,/Hi tend to be larger at a slope of 45° compared to a slope of 60°. This indicates that the
waves climb the breakwater more easily with a gentler slope. The effect of the non-dimensional parameter (<) at an
open inlet (hs) of 5 cm (Figure 12-a), at 45° and 60° slope variations (0), it can be seen that an increase in the value
of the non-dimensional parameter (£) causes the relative runup trend Ru/H; to also get larger for a slope of 45°. In
contrast, at a slope of 60°, an increase in the value of this parameter causes the trend of the relative runup R./H; to
decrease. This suggests that at steeper slopes, increasing this parameter may reduce the ability of waves to climb the
breakwater.
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Figure 12. The relationship between (&) and Ru/Hi, as well as Rd/Hi, for slopes (&) of 45° and 60°, with a water depth (d) of 21
cm, and inlet openings (hs) of (a) 5 cm, (b) 10 cm, and (c) 15 cm

The effect of the non-dimensional parameter () at an inlet opening (hs) of 10 cm (Figure 12-b), at slope variations
(0) of 45° and 60°, shows that as the value of the non-dimensional parameter (£) increases, the trend of relative runup
Ru/Hi tends to decrease. This indicates that at larger inlet openings (10 cm), the effect of this non-dimensional parameter
is more dominant in reducing relative runup, independent of slope inclination. The effect of the non-dimensional
parameter (¢) on the inlet opening (hs) of 15 cm (Figure 12-c), at 45° and 60° slope variations («), shows that as the
value of the non-dimensional parameter (<) increases, the relative runup Ry/Hi tends to decrease at 45° slope. In contrast,
at a slope of 60°, an increase in the value of this parameter causes the relative runup Ru/H; to trend upwards. This shows
that at the largest inlet opening (15 cm), the effect of this parameter differs depending on the slope. At steeper slopes,
increasing this parameter can actually increase the relative runup. To study the effect of (£) with runup and rundown,
simulations of 45° and 60° slope models with closed (hwwp) and open (hs = 5¢ m, 10 cm, and 15 cm) inlets were used at
different water depths (d) of 24.5 cm.

At a water depth (d) of 24.5 cm shown in Figure 13, the value of Ry/Hi; is greater at a slope of 45° than 60°. The value
of Ru/Hi tends to be greater at a slope of 45° compared to 60°, indicating that waves climb more easily on breakwaters
with slopes that are gentler. The effect of non-dimensional parameters (<) on Ry/H; tends to be the same at each slope
and inlet opening. At inlet (hs) 5 cm, there is an increasing trend of non-dimensional parameters (¢) as Ry/H; increases
at 45° slope as well as at 60° slope. Inlet (hs) 10 cm shows the same consistency in reducing relative runup, as well as
the inlet (hs) 15 cm further clarifies by showing a similar trend. Changing the inlet opening has a consistent effect on
Ru/Hi and Ra/H;, with larger inlet openings generally reducing runup and rundown effects, although this effect can vary
based on the slope and the non-dimensional parameters used.
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Figure 13. The relationship between (£) and Ru/Hi, as well as Rd/H;, for slopes (&) of 45° and 60°, with a water depth (d) of
24.5 cm, and inlet openings (hs) of (a) 5 cm, (b) 10 cm, and (c) 15 cm

P
pghs

4.6. Functional Relationship of Parameter Combination (y) to Pressure ( ) OWC Breakwater Model

The parameter combination (i) provides a scaled or ratio measure that describes the interaction between wave height
(Hi) and water depth (d) about wavelength (L). The parameter combination () reflects the effects of resonance and
oscillation within the water column. If the incident wave has sufficient energy and an appropriate wavelength, the
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pressure generated within the column will increase. Figure 14 presents the functional relationship of the parameter
combination () to the pressure (P/pghs) for the slope variation at a water depth (d) of 1.75 m and the inlet slope opening
(hs). From the graph in Figure 14, it is found that the relationship of the parameter combination (i) to the pressure
(P/pghs) indicates that as the value of the parameter combination increases, the pressure also increases. This means that
there is a positive correlation between the two, indicating that the parameters influence each other significantly in
increasing the pressure. For the slope variation, the order of pressure from largest to smallest is 45°, 60°, 90°, 120° and
135°. From this order, it can be concluded that lower slope inclinations (45° and 60°) tend to produce higher pressures
compared to larger slope inclinations (120° and 135°). This is due to the changes in pressure distribution due to slope
variations that affect fluid flow and dynamics. The order of pressure inlet opening, the graph also shows the order of
pressure values by inlet opening from largest to smallest. An inlet opening of (hs) 10 cm produces the largest pressure,
followed by an inlet opening of (hs) 5 cm and the smallest at an inlet opening of (hs) 15 cm. This shows that the variation
of the inlet opening affects the pressure distribution significantly, where a more optimal opening (in this case 10 cm)
gives higher pressure compared to smaller or larger openings.
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Figure 14. Graph showing the relationship between () and P/pgh for slope variation (a) and a water depth (d) of 17.5 cm,
with inlet openings (hs) of (a) 5 cm, (b) 10 cm, and (c) 15 cm

Figure 15 shows a similar trend, where an increase in the value of the parameter combination () is also followed
by an increase in pressure (P/pghs) at a water depth of 21 cm. This shows the consistent influence of parameter (i) on
pressure at this depth. The variation in the slope of the pressure slope created shows the same trend. This confirms that
lower slopes tend to generate higher pressures compared to larger slopes. At a depth of 21 cm, an inlet opening (hs) of
10 cm also produces the largest pressure, followed by an inlet opening (hs) of 5 cm and the smallest at an inlet opening
(hs) of 15 cm. This confirms that different inlet openings have a significant effect on pressure distribution, with the
optimal opening still being (hs) 10 cm.
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Figure 15. Graph showing the relationship between () and P/pgh for slope variation (a) and a water depth (d) of 21 cm,
with inlet openings (hs) of (a) 5 cm, (b) 10 cm, and (c) 15 cm

Figure 16 also shows an increase in pressure (P/pghs) as the value of the parameter combination increases (). It is
shown that this increasing trend is valid at various depths and slope inclinations. This suggests that a lower slope results
in higher pressure. At a water depth (d) of 24.5 cm, an inlet opening (hs) of 15 cm produces the largest pressure, followed
by an inlet opening (hs) of 10 cm and the smallest at an inlet opening (hs) of 5 cm. This indicates that at this depth, the
15 cm inlet opening is the most optimal in producing the highest pressure. There is a positive relationship between the
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value of the parameter combination () and the pressure (P/pghs) at various depths, indicating the consistent influence
of this parameter on pressure. Optimization of the inlet opening at various inlet openings significantly affected the
pressure distribution. At depths of 17.5 cm and 21 cm, an inlet opening of (hs) 10 cm is the most optimal, while at a
depth of 24.5 cm, an inlet opening of (hs) 15 cm is the most optimal. The results of this study provide important insights
into how these parameters can be optimized to improve the efficiency of the hydraulic system through proper pressure
regulation. The similarity of the results obtained on the slope variation with those of Bouali & Larbi [15].
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Figure 16. Graph showing the relationship between (y) and P/pgh for slope variation (@) and a water depth (d) of 24.5 cm,
with inlet openings (hs) of (a) 5 cm, (b) 10 cm, and (c) 15 cm

4.7. Physical Implications of Trends Graphic

Energy efficiency is maximized at a 5 cm inlet opening (k) across all water depths (d), as it effectively captures
wave energy and converts it into high internal pressure. This is crucial for designs requiring high wave-breaking
efficiency. However, if the inlet is too small, it may restrict airflow, reducing the water column's oscillation response.

A balance between inlet size and effectiveness is achieved at larger openings (10 cm and 15 cm), which allow more
water into the column but reduce relative pressure within the system. These designs are suitable for environments with
lower wave energy or where extremely high internal pressure is unnecessary.

As the inlet size increases, the relationship between w and P/pghs becomes more linear, indicating that larger
openings distribute wave energy more evenly and enhance dissipation. Conversely, a 0.5 cm inlet opening sharply
increases relative pressure, making it ideal for breaking high-energy waves efficiently. However, this design may be
more sensitive to variations in slope angle.

The influence of the slope angle (slope), with smaller slopes (@) of 45° and 60°, tends to be more effective in
capturing wave energy for small to medium inlet openings. However, for large inlet openings, gentler slopes (o = 90°,
120°, 135°) can provide more balanced and stable pressure. At small inlet openings (5 cm), smaller slopes (45°-60°)
tend to generate higher pressure against (), indicating that designs with smaller slopes will be more effective in breaking
waves when the inlet size is limited. However, at steeper angles (120°-135°), the effect of increased pressure remains
significant but is more moderate with larger inlet openings.

To maximize the effectiveness of the OWC wave breaker, inlet openings and slope angles must be tailored to specific
sea conditions. In high-energy environments with large waves, smaller inlets and steeper slopes optimize energy capture.
Conversely, in lower-energy conditions, larger openings and gentler slopes ensure more even energy distribution,
generating lower relative pressure while effectively dissipating wave energy.

The design recommendations for large waves and high energy indicate that a small inlet opening (hs = 5 cm) and
steep slopes (a = 45°, 60°) are more efficient options for generating high internal pressure. For small waves and low
energy, larger inlet openings (hs = 10 cm or 15 cm) with gentler slopes (« = 90°, 120°, or 135°) will provide better
stability without generating unnecessary excess pressure. The design of wave breakers based on water column oscillation
is highly dependent on the interaction between (w) (wave dimensions relative to wavelength) and P/pghs (relative
pressure), which is influenced by slope and inlet opening. The graphs indicate that variations in slope angles and inlet
opening sizes significantly affect the performance of wave breakers. The performance of the OWC wave breaker is
shown in Table 5.

Table 5. The performance of the OWC wave breaker

Parameter (hs) (@) (d) (P/pghs) Performance
Best model 5cm 45°- 60° 21-245cm 60-100  High pressure, stable
Medium model 10cm 60°- 90° 21-245cm 50-80  Stable, but not optimal
Less efficient model  15cm  120°- 135° 24.5cm 40-70 Low pressure, stable
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The reason for concluding that the best model is the one with an inlet opening of 5 cm and a slope between 45° and
60° at a water depth of 21 cm to 24.5 cm is based on the analysis of several factors considered in the graphs and research.
Although larger inlet openings provide stability in facing large waves, considerations related to energy utilization
efficiency and the pressure generated are also key factors.

o The higher relative pressure (P/pghs) indicates that with an inlet opening of 5 cm, the combination of slope angles
of 45° and 60° results in higher pressure in larger inlet openings (10 cm and 15 cm). This higher pressure
demonstrates that this model is more efficient in capturing and dissipating wave energy. At the smaller inlet
opening (5 cm), the pressure in the oscillation column reaches a sufficiently high and stable value. This is important
because higher pressure means more energy can be captured and absorbed by the OWC system, making this design
more efficient in reducing wave energy.

¢ System stability and wave response, however smaller inlet openings tend to lead to sharper pressure increases, and
the combination of 45° and 60° slopes helps maintain system stability. The smaller slope helps facilitate the entry
of waves into the system more efficiently, resulting in better interaction between the air and water columns. The
graph shows that at the 5 cm inlet opening, with this slope, the relative pressure increase (P/pghs) is consistent,
and the exponential trend is more regular compared to the larger inlet opening, where the pressure rise becomes
more sloping or unstable.

e The combination of slope (&) and inlet opening size (hs) shows a slope of 45° and 60° at a 5 cm inlet opening is
an ideal combination of fast response to incoming waves and efficient energy absorption. At larger openings (10
cm and 15 cm), although the stability of the system is better, the pressure rise tends to be slower and less optimal
in terms of wave energy absorption. This suggests that, although more stable, the efficiency in capturing wave
energy decreases.

o Water depth (d) of 21 cm to 24.5 cm shows a model with a fixed 5 cm inlet opening showing good performance
in generating relatively high pressures while maintaining system stability. This means that the model can work
well at greater water depths, where waves are generally larger and stronger.

¢ The physical implications and energy efficiency are evident in the 5 cm inlet opening, providing a balance between
stability and wave energy absorption efficiency. Although the system may experience higher pressures and less
stability compared to larger openings, the combination with slopes of 45° and 60° helps maintain the system'’s
efficiency and stability under various wave conditions. With larger inlet openings (10 cm and 15 c¢cm), the system's
stability is better maintained, but the energy absorption efficiency decreases, particularly under larger wave
conditions, resulting in a slower pressure response.

4.8. Best Model for Wave Runup and Pressure Formulation of OWC Breakwater Model

The results of the analysis obtained the result that the best model that produces the smallest value of runup (Ry) The
results of the analysis obtained the result that the best OWC breakwater model that produces on the model slope 60°.
The final formulation of the influence of the inlet hole and slope on the magnitude of the runup produced will be based
on the OWC breakwater model slope 60°, shown in Figure 17.

2.0
1.8

R./H;
=
o

BRu (a=45)

0.2 ARu (a=60)

0.00 0.05 0.10 0.15 0.20

Figure 17. Graph of parameter combination (£) with relative runup (Ru/Hi) of OWC breakwater model results 45° and 60°
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An empirical equation for the relative runup value (Ry/H;) is obtained as shown in Equation 23:
2—a.(9 (23)
1A
With runup value (Ry)

R, =H;.(a.?) (24)

where ¢ = (Ir.hz'zd) with coefficient values a = 8.6534 for slope 60° dan a = 15.718 for slope 45°, where Ir is the

Iribarren number, hs is the inlet opening, d is the flow depth, and L is the wavelength. Equation 23 applies the value (¢)
ranges from 0.031 to 0.180.

Based on the analysis, it was found that the optimal OWC breakwater model, which generates the highest pressure
due to the effect of wave deformation through parameter interaction, is the model with a 45° slope. Therefore, the final
formulation of the effect of the inlet hole and slope on the amount of pressure generated will be based on the OWC
breakwater model slope 45°.

Parameterized relationship of the interaction between wave height, water depth, wavelength (), and pressure
(P/pghs). This graph provides an empirical approach to calculate the air pressure (P) inside the OWC column as the
product of water density (p), acceleration of gravity (g), and inlet opening (hs). The limit of applicability of the graph
for the value of () ranges from 0.001 to 0.010. From the data displayed on the graph in Figure 18, the empirical equation
for the value of (P/pghs) is the pressure (P) of the OWC breakwater in this study:

P

L =11834.(y) — 2.6772 (25)
pghs
120 T
I o)
- .0
100 1 y=11834x-26772 O_ .-G
_ R2=0.9121 O@%oo
80 | ° o
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[ < O
40 1 © o%
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Figure 18. Graph of the combination of parameters () with pressure (P/pghs) generated on the OWC breakwater model
slope (6) 45°

So that the pressure (P) of the OWC breakwater of this study is obtained:
P =pghs.(b.y—c) (26)

where = (HLl—f) with coefficient values b = 11834 and ¢ = 2.6772, where p is the density of water, g is the acceleration

of gravity, hs is the inlet opening, H; is the wave height, d is the depth of flow, and L is the wavelength. The novel result
of this research is the empirical equation of runup pressure (Ry) and (P) on the OWC breakwater model against the
combination parameter. The use of cavities in breakwater structures has the advantage of saving material and being
environmentally friendly this breakwater functions as a breakwater and also as a wave energy converter.

The non-dimensional parameter ¥ indicates the effect of wave height and water depth relative to wavelength, which
affects energy transfer efficiency. The non-dimensional parameter ¢ describes the proportion of wave height to
wavelength, providing information about wave intensity relative to wave runup on the OWC breakwater. This trend is
illustrated in Figures 17 and 18, which connect the non-dimensional parameters with OWC performance, and this
observation is relevant for the design of OWC at specific locations and its impact on engineering decision-making.
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Several studies examine the integration of breakwaters with Oscillating Water Column (OWC) technology and
their benefits. Falcdo et al. [25] provides a comprehensive review of the lifetime of the Pico OWC power plant,
offering insights into its operation and shutdown. Gaspar et al. [26] presents findings on the impact of chamber wall
slope on the energy conversion efficiency of onshore OWCs. He et al. [27] examines the hydrodynamic efficiency of
pile-supported breakwaters combined with OWC systems. Lee et al. [28] highlights key parameters that influence the
performance of caisson-based OWC energy systems. Liu et al. [29] offers experimental data on the performance of
OWC chambers under irregular wave conditions. Zheng et al. [30] proposes a theoretical model for integrating OWC
systems into coastal structures and breakwaters. Thaha et al. [31] suggests that breakwaters can evolve from wave
energy breakers to wave energy collectors without sacrificing their primary role in coastal protection. The
incorporation of Wave Energy Converters (WEC) into coastal structures is generally more straightforward for new
constructions than for existing ones.

Analyzing the impact of the spacing parameter (S) of the OWC device on a conventional breakwater reveals
that the vertical wall tends to concentrate more wave energy within the space of the integrated oscillating wave
(OWC) device, thus improving its efficiency. This effect intensifies as the spacing (S) increases. The analysis of
both partial and full converging breakwaters concludes that this novel geometry, which channels a portion of
incoming wave energy into the OWC chamber, significantly enhances the efficiency of the OWC device array
within a specific range of wave periods [32]. Venkateswarlu et al. [33] observed improved efficiency of Oscillating
Water Column (OWC) devices at higher frequencies, with increases in the height, width, and chamber length
dimensions of bottom-standing breakwaters (BSBs). The research suggests using a pair of BSBs with a chamber
length equal to the water depth to achieve optimal efficiency [34]. A deep understanding of the fundamental
principles and challenges related to this innovative technology is crucial. In the wave energy sector, Oscillating
Water Column (OWC) systems, which are available in both fixed and floating configurations, represent a key
category. OWC devices play a significant role in the proportion of prototype wave energy converters currently
deployed in offshore waters.

Wang et al. [35] demonstrates that optimizing power extraction can be achieved by using larger transverse
spacing, which increases the capture width ratio across a broader range of wave frequencies. This results in a 55.8%
improvement between larger and smaller transverse spacing conditions. Furthermore, a moderate slope profile was
identified as the most effective choice for enhancing performance when larger transverse spacing is applied. Tsai et
al. [36] found that under irregular wave conditions, the maximum pressure generated was approximately 50% higher
than under regular wave conditions. The experiments showed that the combination of M-OWC and C-OWC
significantly contributes to reducing wave pressure on the caisson breakwater structure during storm events. This
highlights the dual advantages of using OWC devices in front of breakwaters, as they both absorb wave energy and
reduce the force applied to the breakwater. Zhang et al. [37] The maximum and minimum hydrodynamic efficiencies
occur when the system is positioned at the wave nodes and antinodes within the standing wave field. Proper design
and area adjustments can reduce wave reflection and increase wave power extraction.

Development of the OWC breakwater model as a wave energy dissipator or converter examines dimensionless
parameters, such as the inlet opening size (hs) and the slope angle («), which can be adjusted based on environmental
conditions. However, the implementation of the model or prototype has certain limitations. Laboratory experiments
using three variations of the inlet opening (hs) have not analyzed the pressure loss due to the inlet opening passing
through the incident wave height (Hi) nor the stability of the structure due to limited laboratory testing time. The
OWC model breakwater still requires three-dimensional testing to obtain more realistic results, ensuring the
structural strength to withstand maximum pressure and avoid damage when operating in extreme sea wave
conditions. The advantages of the OWC breakwater model include its dual functionality as a breakwater or an energy
catcher with OWC technology. The results of the relative runup analysis indicate that the OWC breakwater with a
slope angle of 60° performs better as a wave barrier structure. Meanwhile, a slope angle of 45° is more optimal for
capturing wave energy when used as an energy catcher. The use of the OWC breakwater also offers economic
advantages and efficiency in the use of construction materials compared to other types of wave breakers, such as the
rubble mound type.

Table 6 presents a detailed comparison between this research and relevant studies on inlet opening geometry and
slope angles in Oscillating Water Column (OWC) system design. The comparison highlights key aspects, including inlet
openings, slope variations, and research differences.
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Table 6. Comparison with relevant previous research

Researchers

Main focus

Difference

lturrioz et al. [8]

Raj et al. [9]

Elhanafi et al.
[10]

Ning et al. [11]

Vyzikas et al.
[12]

Deng et al. [13]

Mahnamfar &
Altunkaynak [14]

Bouali & Larbi
[15]

Oh & Han [16]

Inlet opening:

e This study explored small aperture sizes (2 mm to 50 mm)
using Open FOAM simulations.

e It does not focus on tilt but rather on the effect of wave
height and slot size on performance.

Inlet opening:

e Although this study did not directly examine the geometry
of the inlet opening, it introduced a port wall to improve
the hydrodynamic efficiency of OWC.

Slope angle:

e There is no focus on the variation of slope angles, with
emphasis on resonance length and harbor walls.

Inlet opening:

e This research examines the effects of depth and thickness
of the underwater lip on the performance of OWC.

Slope angle:

e There is no focus on the inclination angle or inlet opening
at the surface, concentrating on the underwater geometric
design.

Inlet opening:

e Focus on U-shaped geometry with modifications to the
height of the vertical channel and the width of the space,
without explicit focus on the inlet opening.

Slope angle:

o No specific study on the slope in this research.

Inlet opening:

e This research examines four different OWC geometries,
focusing on variations in spatial geometry.

e There is no direct focus on variations in inlet openings as
in this study.

Slope angle:

e There is no focus on variations in inclination angles in this
research.

Inlet opening:

e Focus on the opening ratio at the top of the chamber with
a horizontal bottom plate.

Slope angle:
e There is no focus on the slope in this study.

Inlet opening:

e The study focuses on the optimization of the geometry of
the OWC space in general, without specific emphasis on
variations of the inlet opening.

Slope angle:

e |t does not test the angle of inclination but rather the
optimization of the design space.

Inlet opening:

e Utilizing various geometric configurations, in general, to
enhance energy conversion performance without focusing
on specific inlet openings.

Slope angle:

e There is no specific focus on the variation of the angle of
inclination in this study.

Inlet opening:

e This research focuses on the effects of inlet geometry on
wave energy capture efficiency.

Slope angle:
e There is no explicit focus on inclination.

e The study focused on the larger inlet opening sizes (5 cm, 10 cm, and 15

cm) and slope as the main parameters.

The Ilturrioz et al. study was more of a numerical simulation, while the study
was experimental, focusing more on relative pressure and slope effects.

This study directly tested the variation of inlet slope and opening against
pressure efficiency, While Raj et al.'s study focused on improving
performance with environmental modifications such as the addition of port
walls.

This study places greater emphasis on the interaction between the surface
inlet opening geometry and the inclination concerning pressure and
efficiency. The study by Elhanafi et al. focuses more on underwater
geometric modifications for hydrodynamic performance.

This study examines how variations in the inlet opening and slope impact
pressure and performance, while Ning et al. focus on general geometric
modifications of the space and vertical channel.

This study focuses on inlet openings and inclination as key variables to
enhance pressure efficiency, whereas the research by Vyzikas et al. is more
about testing various overall geometries.

This study investigates how variations in slope and inlet opening affect
pressure. Deng et al. focus more on the effects of the geometry of the
horizontal bottom plate on wave absorption efficiency.

This study explores how variations in the geometry of the inlet opening and
inclination affect pressure, while Mahnamfar and Altunkaynak focus on the
overall geometry optimization to enhance energy extraction.

This study focuses on specific parameters such as inlet openings and
inclination, whereas Bouali and Larbi investigate geometric optimization in
general without a detailed investigation of inlet parameters.

This study involves a detailed examination of how the inlet opening and
inclination affect relative pressure. In contrast, Oh and Han only focus on
the inlet opening in the context of energy capture efficiency.

Table 7 illustrates a comparison that explains the advantages and limitations of the OWC physical model. Aspects of
comparing are the simplicity of the experiment, reproducibility, hydrodynamic modeling, real-world representation, the
dimension being tested (2D), dimensionless parameters, measurement of pressure, implementation facilities, and

structural stability analysis.
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Comparison of the advantages and limitations of the physical OWC model

Aspects

Advantages

Limitations

The simplicity of the experiment

Reproducibility

Hydrodynamic modeling

Real-world representation

The dimension being tested (2D)

Dimensionless parameters

Measurement of pressure

The implementation facilities

Structural stability analysis

Physical modeling provides direct and measurable results.

Clear experimental procedures can be repeated under similar
conditions.

Capturing real hydrodynamic phenomena, such as wave
reflection, runup, and air pressure.

The 1:20 scale allows observation of wave patterns relevant
to coastal conditions.

This study provides an initial analysis of the efficiency and
pressure distribution in an Oscillating Water Column (OWC)
under two-dimensional conditions.

Parameters such as y and  assist in generalizing results to
various wave conditions.

Air pressure and runup can be measured directly, yielding
concrete data.

Flume and physical models are easy to construct and operate
in the laboratory.

Provides a basis for the design of more efficient structural
geometry.

It cannot fully capture 3D interactions (lateral effects).

Depending on the accuracy of measurements and control of
variables in the flume.

Does not include scale effects that are difficult to represent,
such as micro turbulence.

It covers only specific conditions; Parameters such as wind and
multi-dimensional effects are ignored.

This research does not take into account three-dimensional
effects, such as lateral energy dispersion or lateral stability.

Generalizing results to complex conditions requires additional
testing or numerical simulations.

This measurement is sensitive to device errors, especially in
turbulent wave conditions.

A sufficiently large laboratory space and resources are required
to replicate.

Structural stability has not been tested; material testing and
numerical simulations are required.

Integrating OWCs with breakwaters allows for more efficient space utilization in coastal areas, reducing the need
for separate installations. Combining these two functions in one structure can reduce construction and maintenance costs
compared to building the protective structure and energy system separately. This approach offers an eco-friendly
renewable energy source, contributing to a reduction in reliance on fossil fuels while preserving the breakwater's primary
function of protecting the coast from erosion and wave damage. The challenges associated with OWC integration involve
the requirement for complex designs and materials capable of withstanding harsh oceanic conditions. Although
economically viable in the long term, the initial investment for this integration is high. OWC systems integrated with
breakwaters require regular maintenance to ensure reliability and optimal performance. Integrating OWCs with
breakwaters provides a dual solution for renewable energy generation and coastal protection. This study shows the
promise of this approach, though challenges persist for large-scale implementation. Technological advancements and
an improved understanding of wave interactions with integrated structures could enhance its future role in energy
management and coastal protection. While this research lays the groundwork for OWC development, further validation
through 3D testing or numerical simulations is necessary.

4.9. Development of OWC Breakwater Model for Field Use

A case example using the empirical equations that have been obtained, an island with approximately 15 households
requires 520.86 (MW) of electrical power to serve all families on the island, requiring a pressure of 17,400,000 N/m?
(Pascal) or 17.40 (MPa) on the OWC breakwater to achieve this power. Water density (p) 1026 kg/m?, acceleration of
gravity (g) 9.81 m/s?, wave height (H;) 1.5 m, flow depth (d) 5 m, wavelength (L) 10 m. The inlet opening (hs) required
to generate the requisite pressure.

Using Equation 26, the steps are as follows:

e Substitute the known values into the equation:

17,400,000 = 1026.9.81 . hy. (11834. S _ 2.6772)

1.5
102

o Simplify the inside of the brackets first:
11834 (1—5) = 11834 (2> = 887.55
102 100
887.55 — 2.6772 = 884.8728
o Substitute the result into Eq.:
17,400,000 = 1026.9.81.h, .884.8728
e Simplify the equation:
17,400,000 = 1026 .9,81.884.8728 . hy
17,400,000 = 8,906,297.82. h;
e Calculate the height of the inlet opening hs:

17,400,000

SZW hsz1954m
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The height of the inlet opening (h s) required to obtain a pressure of 17,400,000 N/m? is about 1.954 m or 2.00 m.
This indicates that the inlet opening requisite to achieve this pressure under wave conditions and flow depths is at the
environmental conditions of the island.

5. Conclusion

This study has demonstrated the critical role of wave deformation in OWC breakwater models, which results from
the interaction between wave parameters, model geometry, and depth. The findings highlight a positive correlation
between the non-dimensional parameter () and relative pressure (P/pghs) at varying depths, showcasing the consistent
influence of these parameters on pressure distribution. A shallower slope increased pressure while optimizing the inlet
opening size considerably affected pressure distribution. For example, at depths of 17.5 cm and 21 cm, inlet openings
(hs) of 5 cmand 10 cm were most effective, whereas, at 24.5 cm, an inlet opening of 15 cm performed best. The optimal
configuration for the breakwater was an inlet opening of 5 cm, with a slope between 45° and 60°, and water depths
ranging from 21 c¢cm to 24.5 cm. This configuration yielded higher relative pressure (P/pghs) and system stability,
signifying improvement in wave energy utilization.

The study also revealed that non-dimensional parameters (¢) influenced the relative wave runup (Ru./H;i) similarly
across slopes and inlet sizes. For instance, a 5 cm inlet opening showed an increasing trend in ¢ as Ru/Hi increased at
slopes of 45° and 60°, while inlet sizes of 10 cm and 15 cm consistently reduced relative runup. These results confirm
the importance of tuning inlet size and slope to manage the wave runup (R./Hi) and rundown (Rq/H;) well. Larger inlet
openings generally reduced these effects, but the impact varied with slope and parameter configuration.

Empirical equations derived from experimental testing estimate wave runup and pressure, offering the use of tools
for OWC breakwater design. The wave runup equation is:

R, = H;.(a.{), where {= (Ir. hz'zd), and a = 8.6534 for a 60° slope, a = 15.718 for a 45 ° slope.

The pressure equation is:

P =pghy.(b.w—c), where y= (”Li'zd), b =11834 and ¢ = 2.6772.

These equations enable the practical application of laboratory findings to estimate wave runup and pressure in OWC
breakwater design.

This research advances knowledge by demonstrating how slope angle, inlet opening size, and depth influence
pressure and wave behavior. It provides a scientific basis for optimizing OWC breakwater configurations to maximize
efficiency and structural stability. Compared to traditional breakwaters, OWC designs are cost-effective, offering dual
functionality as both a wave attenuator and an energy-harnessing structure. However, this study is limited to three inlet
size variations and does not include pressure loss analysis through the inlet. Structural stability under operational ocean
conditions was also not examined, and 3D testing is needed to simulate realistic wave scenarios. Future research
addressing these aspects will improve the applicability and reliability of OWC breakwater designs. The study concludes
that OWC breakwaters are highly promising for coastal applications, with specific configurations tailored to balance
wave energy utilization and system durability. This makes them a sustainable and efficient alternative to traditional
rubble mound breakwaters.
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