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Experimental investigation on the
hydrodynamic performance of a
pile-supported OWC-type breakwater

Yusuf R. Almalki, Joannis Karmpadakis, and Chris Swan

Abstract—The present study considers the design op-
timisation of an Oscillating Water Column (OWC) incor-
porated into a pile-supported breakwater structure. This
has been achieved by performing a substantial number
of scaled physical model tests and a methodical variation
of key device parameters within multiple configurations.
The key aspects that have been investigated include: (a)
the geometric characteristics of the breakwater structure,
(b) the pneumatic efficiency of the OWC, (c) the geometry
of the OWC chamber and (d) the relative position of
the OWC chamber within the breakwater. The present
work considers (monochromatic) regular waves of varying
steepness and effective water depth as incident wave
conditions. The efficiency of the designed structure in terms
of shore protection capacity and wave energy extraction was
assessed by quantifying relevant transmission coefficients
and the power output metrics. This has been achieved
by using a combination of collocated and complementary
measuring devices, such as arrays of wave gauges, pressure
transducers and a high-definition video camera. The study
concluded that systematic refinement of the geometrical
parameters can substantially enhance the overall hydro-
dynamic efficiency of a pile-supported OWC breakwater.
Additionally, it was found that a configuration featuring
a chamber positioned in front of the breakwater, with
a relative chamber breadth b.b~' of 0.67, outperforms
wider breadth configurations in terms of both energy
extraction efficiency and reduction of the transmission
coefficient. Taken together, the present study provides an
in-depth analysis of the effects of key design parameters
of a breakwater-integrated OWG, its efficiency and shore
protection potential.

Index Terms—Wave energy, Oscillating water column,
Pile-supported breakwater ...

I. INTRODUCTION

HE integration of oscillating water columns (ab-
breviated as OWC hereafter) into wave break-
waters has been a rising design choice to promote
a multi-use structure that can utilise wave energy
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and provide coastal protection. This design concept
holds significant promise as it enables cost and in-
frastructure sharing while leveraging the performance
of the structure through the synergistic nature of this
coupling. The presence of OWCs has been shown by
[1] to enhance the wave attenuation capabilities of
breakwaters. This concept has the potential to improve
the economic competitiveness and viability of OWCs,
ultimately contributing to the emergence of wave en-
ergy in the energy market.

The concept is not particularly new, [2] studied the
integration of OWCs into caisson-type breakwaters.
This study was followed by field tests conducted at
the port of Sakura [3]. The integration of OWCs into
bottom-set caissons was further investigated by [4]-[6],
and [7]. The integration of OWCs into pile-supported
breakwaters, however, has been experimentally stud-
ied in [8], which conducted experiments with a con-
figuration featuring a finite lip to validate the work
presented in [9]]. More recently, [10] conducted a labora-
tory experiment on a pile-supported OWC and investi-
gated the effects of the opening characteristics and the
draft of the model on wave attenuation functionality
and energy dissipation coefficients. Building upon this
research, [11] performed a similar experiment, exam-
ining the effects on wave energy efficiency and vortex
shedding. [12] conducted both experimental and nu-
merical investigations on an L-shaped pile-supported
OWC as a breakwater, varying the opening ratio of the
orifice and the length of the horizontal bottom plate.
[13] followed up with a numerical study on a similar-
shaped OWC, but with the bottom horizontal plate
detached to reduce the amount of momentum to which
the structure is exposed. Furthermore, [14] conducted
an analytical study on pile-supported OWCs, exploring
the significance of air compressibility at engineering
scales. However, it is worth noting that the geometrical
optimisation testing of pile-supported OWC designs
may not have been adequately explored, which serves
as the motivation for this study. Therefore, we have
undertaken this study to further expand on this explo-
ration.

This study experimentally examined the hydrody-
namic performance of a pile-supported integrated
OWC breakwater, incorporating extensive variations in
its geometrical parameters. The experiment involved
varying parameters such as the opening ratio of the
orifice (i.e., the ratio of the orifice cross-sectional area
to the cross-sectional area of the pneumatic chamber),
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the breadth of the chamber, the position of the chamber
within the breakwater and the breadth of a front-
positioned chamber. The study utilised a novel exper-
imental apparatus that maximises the ability to alter
the geometrical characteristics of the model and em-
ploys video recording and edge detection techniques
to accurately capture the spatial variation of the inner
surface elevation, thus enabling an accurate quantifi-
cation of the power output of the OWC. A total of 16
different design configurations were tested, resulting
in a comprehensive dataset of 288 test cases.

The paper is organized as follows: Section [l provides
a description of the experimental setup, including the
instrumentation used and the analysis methodology
employed. In Section the results are discussed,
focusing on the effects of different geometrical parame-
ters on both wave attenuation functionality and energy
generation efficiency. Finally, Section [[V| presents the
main conclusions derived from this study.

Fig. 1. Photograph showing the scaled physical model installed in
the wall-mounted flume.
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Fig. 2. Geometric details of the physical model.
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II. DESCRIPTION OF EXPERIMENTS
A. Physical model and experiment setup

The experiments in this study were conducted using
the Wall-mounted flume located in the Hydrodynamic
Laboratory at Imperial College London. The flume is
a glass-made wave flume with dimensions of 60m

in length, 0.3m in width, and 0.7m in depth, and it
operates at a depth of 0.5 m.The flume is equipped with
a bottom-hinged flap-type wave paddle that has an
active absorption capability based on a force-feedback
mechanism.

On the downstream end of the flume, an inclined
beach with a slope of 1/20 is installed. To enhance its
ability to absorb outgoing waves, the beach is coated
with a layer of foam. The effectiveness of this beach
configuration was examined, and the results showed
an average reflection coefficient of 2% over the testing
range of frequencies. For longer wave cases, the max-
imum reflection coefficient observed was 4% .

The physical model was constructed using Froude
number similarity with a length scale of Ly = 1 : 20
and associated time scale of T, = 1 : v/20. The model
was constructed using 5mm perspex sheets, which
offer visual access to the inner water surface of the
chamber. These sheets formed the base frame of the
model, with dimensions of 0.3m in height, 0.3m in
width, and 0.6 m in breadth. A changeable topside lid
was incorporated to allow for a variety of top side
configurations to be installed. Additionally, a range
of foam inserts were designed and used to vary the
geometrical parameters of the model. Fig. [1| shows a
photograph of the scaled physical model and Fig.
presents a sketch with geometric details of the physical
model.

To model the PTO mechanism, a circular-shaped
orifice was utilised due to its ability to simulate the
nonlinear relationship between the air pressure inside
the chamber and the airflow discharge across the ori-
fice. The pneumatic power was measured to represent
the extracted wave power.

The model used in this experiment was firmly
mounted at the top of the flume with a draft of 0.1 m.
It was positioned at a distance of 11.35m from the
wave paddle. A total of 14 resistance-type drop-down
wave gauges were used in the experimental setup.
Six gauges were placed on the upstream side of the
model, maintaining a clearance of approximately 3 m.
This placement was intended to prevent contamination
from interaction-induced evanescent modes, as these
gauges were primarily used to quantify the reflection
coefficient. A similar arrangement of wave gauges was
installed downstream of the model, primarily utilised
to measure the transmission coefficient. Additionally,
two wave gauges were attached to the model itself.
These gauges served the purpose of measuring the
surface elevation inside the pneumatic chamber, al-
lowing for validation of the measurements obtained
from camera readings and correction of phase shifting
caused by trigger lag. Fig. 3| provides a schematic
representation of the experimental arrangement.

In addition, two custom-made differential pressure
transducers provided by OMNI instruments were
utilised. These transducers were specifically designed
to operate within low-pressure ranges, with one cov-
ering the range of 0-300 pascal and the other covering
0-500 pascal, offering an improved accuracy with an
estimated error of 0.4% of the full scale. These were
installed on the model to measure the pneumatic gauge
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Fig. 3. Schematic of the experimental setup, showing locations of wave gauges (G), pressure transducers (P) and video camera (C).

pressure inside the chamber.

Furthermore, a 4K video recording camera manufac-
tured by SONY was employed. The camera settings
were configured to record at 25 frames per second (FS)
with high-definition (HD) resolution. These settings
were carefully chosen to capture the required data
while significantly reducing the computational load
during data processing. The camera was positioned
to record the side view of the model, enabling the
extraction of the inner water surface elevation of the
pneumatic chamber. Image processing edge detection
techniques were employed to extract the water surface
data from the captured images. Fig. |4] illustrates an
example of the extracted data using this technique.

The quality of wave generation is of utmost im-
portance when it comes to the successful comple-
tion of the present physical model testing. Particular
attention has been paid into the correct generation,
measurement and analysis of all wave measurements,
as described by [15]. Specifically, the wave gauges were
calibrated at the start of the experiment and underwent
re-calibration each day. Repeatability tests have been
conducted and verified the complete reproducibility
of results. Following previous works [16], [17], we
ensure that our measurement accuracy is contained
within 0.5 mm, beach reflections are below 5% and
any unwanted spurious waves are suppressed. Taken
together, the resulting dataset represents one of very
high quality.
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Fig. 4. Surface elevation time-history inside the chamber comparing
wave gauge (WG) measurements to camera recordings.

B. Test matrix and wave conditions

The test matrix for this experiment consists of a
series of monochromatic wave conditions that span a
wide range in the frequency domain; the conditions
range between 0.5 and 1.33Hz. The water depth d
was kept at 0.5m, resulting in a wavelength A range
of 0.88m to 4.05m, with relative breadths ranging
from 0.15 to 0.68. Three different wave heights were
explored: H; = 0.032m, 0.05m, and 0.075 m. Detailed
information regarding the wave conditions forming the
test matrix for this experiment is provided in Table [l

TABLE I
WAVE TEST MATRIX

Parameter  Value

H; 0.032, 0.050, 0.075m

T 0.75, 1.00, 1.25, 1.50, 1.75, 2.00 s
A 0.88, 1.51, 2.18, 2.83, 3.45, 4.06 m
b1 0.68, 0.40, 0.27, 0.21, 0.17, 0.15

d 0.5m

The experiment investigated various geometrical pa-
rameters, including the opening ratio of the orifice, the
breadth of the chamber, the position of the chamber
within the structure and the breadth of a front-position
chamber. These parameters were examined in 16 differ-
ent configurations, made possible by the flexible nature
of the model used. The model allowed for easy changes
to the top side configuration and the utilisation of foam
inserts, where foam workability was advantageous. Ta-
ble [lI| provides detailed information on the parameters
values that were tested in this experiment.

TABLE II
DETAILS OF GEOMETRIC PARAMETERS UNDER INVESTIGATION

Geometry Value
Opening ratio, o 0.3,0.5,0.6,0.8, 1%
Breadth, b 0.6 m

Chamber breadth, b.
Chamber position

0.1, 0.2,0.3,04, 0.5, 0.6 m
front, middle, and back

The geometrical parameters were systematically var-
ied in a sequential manner throughout the experi-
ment. Considering the large number of design vari-
ables involved in the experiment, we investigate the
effects of a single parameter by varying it while all
other parameters are kept unchanged. In isolating one
parameter at a time we can comment on its impact
on the overall efficiency of the device and its coastal
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protection potential. In addition, the selection of the
parameter space is performed progressively and with
the aim to approximate an optimal solution. In other
words, once a parameter is tested, the value that per-
forms best is retained for subsequent testing. Strictly
speaking, this is only valid if the variables are un-
correlated. Regarding correlated variables alternative
methods have been employed to further iterate the
design. These go beyond the scope of the present paper
but are discussed in an upcoming publication. The
present work focuses on the discussion of the effects of
parameter variation conditional on a set of values for
all other variables.

The testing began by investigating the effect of the
opening ratio. It was assumed that the opening ratio
is independent of the other geometrical characteristics
since it primarily responds to the aerodynamics of the
chamber rather than directly to the wave conditions.
Next, the breadth of the chamber was examined for a
middle chamber configuration. Subsequently, the posi-
tion of the chamber was tested, revealing that a front-
positioned chamber was significantly more efficient.
As a result, the breadth chamber of a front-positioned
chamber configuration was tested. The position of the
chamber and the breadth of the chamber were not
assumed to be independent, instead, cross-testing was
employed to optimise these two geometrical character-
istics.

C. Data acquisition and analysis

The average extracted power output was evaluated
by quantifying the average pneumatic power exerted
inside the chamber. The latter can be defined from a
two-dimensional perspective per unit width as

. bc to+nT dﬁ
Powe — t) Ylowe g4 1
TR )

where p (t) represents the instantaneous air pressure
inside the pneumatic chamber, T" denotes the wave pe-
riod, b. represents the breadth of the chamber, and 7,,,,..
denotes the instantaneous spatially averaged water
surface elevation inside the chamber. The spatially av-
eraged surface elevation was evaluated using the data
extracted from video recordings. This approach has
the advantage of retaining both the spatial variation
and the high-order harmonics resulting in an accurate
evaluation of the power output. Conventionally, the
spatially averaged surface elevation is quantified by
either direct averaging of the wave gauge’s readings
inside the chamber or by reconstructing the surface
elevation from the first harmonics of the incident and
reflected wave components.

The energy extraction efficiency ¢, and the nor-
malised power output P,,,. were defined respectively
as

~
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where N is the number of test cases under considera-
tion and F; is the incident wave power per unit width.
The latter is given by

_ 1
Pi = 2pgH;Cy )

where ¢ is the gravitational acceleration, p denotes
the water density and C; is the wave group velocity
expressed as

w 2kd
Y=o (1 * sinh(2kd)) ' ©)

w denotes the wave angular frequency and k is the
wave number, where w and k satisfy the dispersion
relation expressed as

w? = gk tanh(kd) . (6)

The reflection coefficient and transmission coefficient
are defined respectively by

H,
=== 7
Cr=g ?)

H,
Ct:FZ' (8)

Here, H, the reflected wave height is evaluated by util-
ising the least square decomposition method proposed
by [18] on the surface elevation readings from gauges 1
to 6, while H; the transmitted wave height is evaluated
by applying the decomposition method to the readings
from gauges 9 to 14.

III. RESULT AND DISCUSSION
A. Effects of the opening ratio

This section investigates the effects of the opening
ratio of the orifice & on energy extraction efficiency, as
well as the transmission coefficient and the reflection
coefficient. Fig. |5/ shows the normalised time-history
measurements of the averaged surface elevation, the
gauge pressure, and the exerted real-time pneumatic
work inside the chamber. The latter was defined in a
two-dimensional sense as in Equation (9), while the
total energy content in one wavelength is defined as in
Equation (10). These measurements are presented for
five different values of the opening characteristics. The
case depicted in Fig. [5| corresponds to a model with a
chamber breadth b. of 0.3m, wave period T of 1.55s,
and wave amplitude A; of 0.016 m.

Epue (1) = b oe O ©)
2
E; = pg A;A (10)

Subplot (a) in Fig. 5|illustrates a nearly pure sinusoidal
nature for the averaged surface elevation 7,,,., with a
slight phase shift that increases as the opening ratio
o decreases. In subplot (b), the pneumatic pressure
time-history exhibits a regular wave shape, but with
contributions from the third-order harmonic being sig-
nificant. Subplot (c) displays the real-time pneumatic
work, which shows smooth fluctuations from zero to
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Fig. 5. Data time series showing (a) the normalised spatially average
surface elevation inside the chamber, (b) the normalised pneumatic
gauge pressure inside the chamber and (c) the instantaneous energy
output normalised by the total energy contained in one wavelength.

around 0.4, with larger crests reaching approximately
0.5 every other cycle. This is a result of the suction
part of the cycle producing slightly deeper troughs in
pressure compared to the compression part of the cycle.

The case with an opening ratio of 0.3% exhibited
relatively large pressure fluctuations. However, this did
not result in increased energy output since the smaller
opening imposed impedance to the surface elevation
inside the chamber, allowing it to fluctuate with a
relatively small amplitude. The pneumatic pressure
fluctuation inside the chamber is induced by the hy-
draulic resistance of the opening against the air flux
across the orifice. Therefore, a smaller opening ratio
leads to a larger damping ratio and, consequently, a
smaller amplitude for the averaged surface elevation
inside the chamber. This behaviour is aligned with the
result presented in [19] which found the damping ratio
is inversely proportional to the opening ratio.

The largest opening tested here is of o equal to 1%,
which exhibited a relatively small pressure amplitude
and larger surface elevation fluctuations. Both open-
ings of 0.5% and 0.6% showed approximately similar

fluctuation amplitudes with small discrepancies and a
slight lead for the 0.5% opening in terms of real-time
energy output. It is worth noting that the difference in
the real-time energy output for the cases with openings
of 1%, 0.8%, 0.6%, and 0.5% was small.
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Fig. 6. Effects of the opening ratio a on (a) the transmission
coefficient Cy and (b) the reflection coefficient C,-.

Fig. [f] presents the reflection coefficients C, and
transmission coefficients C; as functions of the relative
breadth bA~! for the five opening ratios a of inter-
est. The transmission coefficients show relatively small
differences among the opening configurations, with
values ranging between 0.84 at a bA~! of 0.15 and 0.02
at a bA~! of 0.68. The smallest transmission coefficient
occurs for the smallest opening 0.3 % ratio within the
relative breadth range of 0.15 to 0.21, while it induced
the largest transmission coefficient observed relative to
the rest of the configurations at bA~! of 0.68. However,
the minimum transmission coefficient at bA~* of 0.68
is obtained in the case of an opening ratio of 0.5%.

The reflection coefficients, in contrast, showed rela-
tively larger differences among the different configu-
rations compared to the transmission coefficients. The
case with a 0.3% opening ratio induced the largest re-
flection coefficient. From an analytical potential theory
perspective, the flow field around an OWC structure
can be decomposed into three components: the incident
wave field in the absence of the structure, the scattered
wave field without the influence of the OWC, and the
radiated wave field due to the oscillations of the water
column. In this context, the amplitude of the radiated
wave is a function of the pressure fluctuation ampli-
tude inside the chamber. The reflected wave amplitude
depends on both the scattered and radiated wave
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amplitudes and the phase shift between them (see for
example [20]]). Therefore, an increase in the pressure
fluctuation amplitude may result in an increase in the
reflection coefficient. This concept explains why the
largest reflection coefficients are associated with the
0.3% opening ratio case since it induces the largest
pressure fluctuation. The openings of 0.5% and 0.6 %,
exhibited similar trends, as did the 0.8% and 1%
openings, with the overall smallest reflections observed
in the 1% opening ratio configuration.
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Fig. 7. Effects of the opening ratio o on (a) the normalised power
output Powe and (b) the energy extraction efficiency coefficient e.

Fig. [7] illustrates the impact of the opening ratio on
the normalised power output P,we and energy extrac-
tion efficiency e across all tested wave cases. Among
the opening ratios, the configuration with an opening
ratio of 0.5 % demonstrated the highest energy extrac-
tion efficiency, averaging at 0.22 with a maximum value
of 0.33.The configurations with opening ratios of 0.5 %,
0.6 %, 0.8 %, and 1% performed relatively similarly in
terms of the normalised power output, with about 2%
advantage observed in the 0.5 % configuration case. It
is worth noting that in subplot (b) in Fig. [7] the energy
extraction efficiency quantiles span over a wide range
of values. This spread is expected since the test matrix
included a wide range of wave periods.

In summary, given the negligible differences in trans-
mission coefficients, it can be concluded that the open-
ing ratio 0.5 % exhibits optimal performance in terms
of energy extraction efficiency, making it the overall
optimum configuration. It is worth noting that, previ-
ous studies conducted by [11], [21]], and [12] identified
optimal opening ratios of 0.625 %, 0.66 %, and 0.65 %,
respectively. However, none of these studies examined
an opening ratio of 0.5 %. Nevertheless, these findings
are consistent with our results, as the 0.6 % opening ra-
tio exhibited a very similar energy extraction efficiency
to the 0.5% configuration, with a slight advantage for
the latter.

B. Effects of the breadth of the chamber

This section investigates the effects of the chamber
breadth b. on the hydrodynamic performance of the

pile-supported OWC. The objective of this section is to
determine the optimal breadth for the OWC relative to
a given breakwater geometry, ensuring both effective
wave attenuation and energy extraction functionalities.
The breadth of the structure remained constant at 0.6 m,
while the breadth of the chamber was varied across
values of 0.59, 0.5, 0.4, 0.3, 0.2, and 0.1 m. Based on the
findings in Subsection an optimum performance
was observed at an opening ratio a. of 0.5%. This value
was maintained for subsequent experiments. However,
as the breadth is being altered in this particular part
of the experiment, the orifice size was adjusted ac-
cordingly to maintain a constant opening ratio. It is
worth noting, that reducing the breadth of the chamber
increases the thickness of the front and back drafts.
This draft thickness increase introduces a competing
effect that occurs simultaneously with the effect of
the breadth of the chamber. However, this specific
aspect will be resolved when investigating the effect
of the position of the chamber within the breakwater
in Subsection [[I=C] where the draft thickness will be
placed both in the front or at the back of the model.
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Fig. 8. Effects of the relative chamber breadth b:.b~! on (a) the
transmission coefficient C; and (b) the reflection coefficient C,.

Fig. |8| shows the influence of the relative chamber
breadth b.b~! on the reflection coefficient C,. and trans-
mission coefficient C; as a function of the relative
breadth bA~! for the six different chamber breadth
configurations. It was observed that the differences in
the transmission coefficients among the tested cases
were relatively small compared to the differences in
the reflection coefficients. ~ The transmission coeffi-
cients C; exhibited similar decreasing trends across the
different configurations. The transmission coefficients
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Fig. 9. Effects of the relgtive chamber breadth b.b~! on (a) the nor-
malised power output P,we and (b) the energy extraction efficiency
coefficient e.

peaked at 0.81 for a relative breadth bA~! of 0.15 and
a relative chamber breadth .61 of 0.5. Furthermore,
they reached a minimum value of 0.027 for a relative
breadth bA~! of 0.68 and a relative chamber breadth
b.b~1 of 0.5. The decreasing trends were consistent,
except for two test cases where the relative chamber
breadth b.b~! was equal to 0.83 and 1 at a relative
breadth bA~! of 0.68. In these cases, the excitation of
the sloshing mode occurred. This mode induces wall-
to-wall motion of the water, similar to enclosed tank
sloshing modes, leading to a significant reduction in
the energy extraction efficiency, as well as a reduction
in the reflection coefficient. Such phenomena can be
observed when the relative breadth bA~! is close to
0.5, as highlighted in the studies by [20], and [10].

On the other hand, the reflection coefficients C,
exhibited more spaced curves. Overall, larger reflection
coefficients were associated with a relative chamber
breadth b.b~! of 0.17, while the smallest reflection
coefficients were associated with a relative chamber
breadth b.b~! of 1.

Fig. f] depicts the influence of the relative chamber
breadth b.b~! on the normalised power output Pe
and energy extraction efficiency e for all tested wave
cases. The normalised power output demonstrates an
increasing trend as the breadth of the chamber in-
creases, reaching a peak value of 0.32 when the relative
chamber breadth b.b7! is 1. Conversely, the minimum
value of 0.08 is observed for a relative chamber breadth
beb™! of 0.17. The energy extraction efficiency e was
found to peak for the individual wave cases at a
relative chamber breadth b.6~! of 1.

C. Effects of the chamber position

This section investigates the impact of positioning
the pneumatic chamber within the breakwater on en-
ergy extraction efficiency, as well as the transmission
coefficient and reflection coefficient. While the Sub-
section highlighted a structure with a relative
chamber breadth b.b~! of 1 as an optimal choice, par-
ticularly in terms of energy extraction efficiency, fur-

ther investigation is necessary to assess the influence
of draft thickness and explore cases with displaced
pneumatic chambers from the centre. To accomplish
this, three different configurations were selected for
testing: a) a front-positioned pneumatic chamber, b) a
middle-positioned pneumatic chamber, and c) a back-
positioned pneumatic chamber, as depicted in Fig.
In these cases, the breadth of the structure b remained
constant at 0.6 m, while the chamber breadth b. was set
to 0.4 m.

Fig. [11] demonstrates the impact of positioning the
pneumatic chamber within the breakwater on the re-
flection coefficient C, and transmission coefficient C;
as a function of the relative breadth bA~" for the three
tested configurations. Similar to the observation in Sub-
section [[lI-B| regarding the effect of chamber breadth, it
was observed that the differences in the transmission
coefficients among the tested cases were relatively
small compared to the differences in the reflection
coefficients. The transmission coefficients C; exhibited
a decreasing trend across the different configurations
reaching a peak value of 0.79 for a relative breadth
bA~! of 0.15 in the middle-positioned configuration,
and a minimum value of 0.046 was observed at a
relative breadth bA~! of 0.68 for the middle-positioned
configuration. In contrast, the reflection coefficients
C, exhibited divergent trends, with generally smaller
reflection coefficients observed in the front-positioned
configuration and larger reflection coefficients associ-
ated with the back-positioned chamber configuration.

Fig. [12| depicts the impact of the positioning of the
pneumatic chamber on the normalised power output
P,we and energy extraction efficiency e for all tested
wave cases. The front-positioned chamber configura-
tion exhibited significantly higher normalised power
output Powe of 033 and maximum efficiency € of
0.53, while the back-positioned chamber configuration
showed the lowest normalised power output P, e Of
0.20 with a maximum efficiency e of 0.30. The front
draft acted as a reflector positioned in front of the
chamber, leading to a decrease in the proportion of
energy that the OWC was exposed to in the cases
of the middle-positioned chamber and back-positioned
chamber. This observation can provide an explanation
for the trends observed in the energy extraction effi-
ciency as depicted in Fig.|12|and the trends of reflection
coefficients that are shown in Fig.

D. Effects of the chamber breadth in a front-positioned
configuration

Based on the findings presented in Subsection [[TI-C}
which demonstrated that the front-positioned chamber
configuration outperformed its counterparts, particu-
larly in terms of the energy extraction efficiency e,
this section aims to explore the impact of chamber
breadth b, in a front-positioned chamber configura-
tion on the energy extraction efficiency, as well as
the transmission coefficient and reflection coefficient.
The objective is to identify the optimal breadth of the
OWC in relation to a specific breakwater geometry,
considering both effective wave attenuation and energy
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Fig. 10. Schematic of (a) the front-positioned chamber configuration, (b) the middle-positioned chamber configuration and (c) the back-

positioned chamber configuration.
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Fig. 11. Effects of the position of the chamber within the breakwater
on (a) the transmission coefficient C and (b) the reflection coefficient
Cr.

extraction functionalities. The chamber breadth was
adjusted following a similar approach to that employed
in Subsection [[II-B} with the orifice size being adjusted
accordingly to maintain a constant opening ratio o of
0.5%.

Fig. |13| illustrates the impact of the relative cham-
ber breadth b.b~! on the reflection coefficient C, and
transmission coefficient C; as a function of the relative
breadth bA~! for the six different chamber breadth
configurations. It was observed that the differences in
the transmission coefficients among the tested cases
were relatively small compared to the differences in
the reflection coefficients. Notably, the two cases with
relative chamber breadth of b.b~! equal to 0.83, and 1
exhibited a distinct behaviour at bA~! of 0.68, due to
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Fig. 12. Effects of the position of the chamber within the breakwater
on (a) the normalised power output Py and (b) the energy extrac-
tion efficiency coefficient e.

the excitation of the sloshing mode, similar to the case
mentioned in Subsection [II-Bl

Fig. |14| depicts the influence of the relative cham-
ber breadth b.b~' on the normalised power output
P,. and energy extraction efficiency ¢ for all tested
wave cases. Interestingly, it was observed that the
normalised power output reached a peak value of
0.33 at a relative chamber breadth b.b~!, unlike in
Subsection of 0.67, with a maximum efficiency of
0.53. On the other hand, the widest chamber exhibited
a normalised power output of 0.32, with a maximum
efficiency recorded at 0.42. Notably, the performance
of the 0.5 relative chamber breadth was very close to
that of the 0.83 relative chamber breadth, with a 2%
difference in normalised power output and a slight
advantage to the relative chamber breadth of 0.5 in
terms of maximum energy extraction efficiency. Ac-
cording to linear potential theory for OWCs (e.g., [20]),
a wider pneumatic chamber increases the potential
power extraction efficiency. However, the observations
in this subsection can be explained by the competing
effect of the presence of the back draft acting as a
reflector. In cases with a thicker back draft, the energy
potential exposed to the OWC increases. In summary,
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Fig. 13. Effects of the relative chamber breadth beb~1 in a front-
positioned chamber configuration on (a) the transmission coefficient
Ct and (b) the reflection coefficient C'..
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Fig. 14. Effects of the relative chamber breadth beb~1 in a front-
positioned chamber configuration on (a) the normalised power out-
put Powe and (b) the energy extraction efficiency coefficient e.

the configuration with a relative chamber breadth of
0.67 was identified as the optimum choice in terms
of both energy extraction efficiency and transmission
coefficient.

IV. CONCLUSION

The current study employed laboratory experiments
to evaluate the influence of geometrical parameters on
the hydrodynamic performance of an integrated pile-
supported OWC breakwater. The physical model de-
sign implemented Froude similarity with a length scale

of Ly = 1 : 20. The experimental setup incorporated
edge detection techniques applied to video recordings
of the model’s side view, which enabled capturing
both spatial variations and contributions from higher
harmonics. From this study, the following conclusions
can be drawn:

o The overall hydrodynamic efficiency of a pile-
support OWC, can significantly be improved by
systematically fine-tuning its geometrical parame-
ters.

e An opening ratio o of 0.5% was demonstrated
to achieve an effective energy extraction, while
the performance differences in the opening ratios
ranged from 0.5% to 1% observed to be small.

o A front-positioned chamber configuration signif-
icantly improved the performance of the OWC
since the back draft acted as a reflector and in-
creased the potential energy that is exposed to the
OWC.

A front-positioned chamber with a relative cham-
ber breadth b.b~! of 0.67 demonstrated superior
performance compared to wider configurations,
both in terms of leveraging energy extraction effi-
ciency and reducing the transmission coefficient.

In summary, the integrated pile-supported OWC
breakwater exhibits significant potential as a multi-
use structure, providing shelter for shore and harbour
activities while efficiently generating energy.
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