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OzET

Klresel enerji talebinin artmasi ve fosil yakitlarin gevresel etkilerine iliskin endiseler nedeniyle daha
temiz, surdurilebilir alternatiflere acil ihtiya¢ duyulmaktadir. Bu galisma, yenilenebilir enerji
baglaminda dalga enerjisinin kiyr yapilarinin gii¢ ihtiyaglarina potansiyel katkisini vurgulamaktadir.
Arastirma, kiyr yapilarina entegre edilebilecek, bdylece bu yapilarin glg ihtiyacinin bir kismini
karsilayabilecek bir Salinimli Su Kolonu (OWC) sistemi igin glic ¢ikisi ve verimliligi degerlendirmektedir.
Hem teorik hesaplamalardan hem de 1:10 6lgekli bir model deneyinden elde edilen bulgular
sunulmustur. Tam bir prototip icin sistemin ¢ikis glici ve verimliligi, 3 m dalga ytksekligine sahip derin
su kosullari icin hesaplanmistir. Hazne icindeki su yiizeyi saliniminin hazne disinda meydana gelen
salinimi yansittigi varsayllmistir. Tam 6lgekli prototip icin 22.5 m dalga boyuna karsilik gelen maksimum
ortalama mekanik glic ¢ikisi 64.8 kW olarak belirlenmis ve %64.4'liik bir mekanik verim elde edilmistir.
Sistemin genel verimliligi, jenerator verimliliginin %85 oldugu varsayilarak %55 olarak hesaplanmis ve
bu da yaklasik 55 kW'lik bir ortalama glic ciktisi saglamistir. Wells tlirbinli OWC sisteminin 1:10 6lcekli
bir modeli olusturulmus ve derin su kosullari icin bir tankta test edilmistir. Froude benzerligi ve
Keulegan-Carpenter benzerligi kullanilarak modelden prototipe sorunsuz bir gegis saglanmistir. OWC
modeli, T = 1.2 s periyotla kontrolli dalip-gikma hareketine tabi tutulmustur. OWC modeli tarafindan
Uretilen glig, Wells tiirbini Gzerindeki entegre dort adet 3.4 V LED'i aydinlatmis ve bu da dretilen giig
cikisini 6lgmek igin kullaniimistir. Modelin giig¢ ¢ikisi 107 rpm ddndis hizi igin minimum 0.12 W olarak
Olctlmustir ve bu da 6lgeklendirilmis prototip igin 12 kW'lik bir gli¢ ¢ikisina karsilik gelmektedir. Bu
sistem, dalga etkisine maruz kalan kiyi yapilarina birden fazla OWC'nin dahil edilmesiyle daha fazla
gelistirilme potansiyeline sahiptir. Bu tir bir gelisme, kiyi yapilarinin glic gereksinimlerinin
karsilanmasini kolaylastirabilir ve béylece hem yenilenebilir enerji Gretiminin hem de stirdirlebilir bir
cevrenin tesvik edilmesine katkida bulunabilir. Gelecekteki arastirmalar, belirli sahalar icin OWC hazne
boyutlarini optimize etme ve su yiizeyi salinim dinamiklerini daha iyi yakalayacak sekilde modeli
iyilestirmeye odaklanacaktir.
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ABSTRACT

With the global energy demand escalating and concerns over the environmental impact of fossil fuels,
there's a pressing need for cleaner, sustainable alternatives. This study highlights the potential
contribution of wave energy to the power needs of coastal structures in the context of renewable
energy. The research evaluates the power output and efficiency for an Oscillating Water Column
(OWC) system that can be integrated into coastal structures to meet part of their power needs.
Findings from both theoretical calculations and a 1:10 scale model experiment are presented. The
mechanical power output and efficiency of the system for a full-scale prototype were calculated for
deep water conditions with a wave height of 3m. The water surface oscillation inside the chamber is
assumed to reflect the oscillation occurring outside the chamber. The maximum average mechanical
power output for the full-scale prototype, corresponding to a wavelength of 22.5 m, was determined
to be 64.8 kW, achieving a mechanical efficiency of 64.4 %. The overall efficiency of the system is
calculated as 55 % by assuming the generator efficiency to be 85 %, resulting in an average power
output of approximately 55 kW. A 1:10 scale model of the OWC system with a Wells turbine was
constructed and tested in a tank for deep water conditions. Froude similarity and Keulegan-Carpenter
similarity were used, ensuring a seamless transition from the model to the prototype. The OWC model
was subjected to controlled heaving motion with a period of T = 1.2 s. The power generated by the
OWC model illuminated four integrated 3.4 V LEDs on the Wells turbine, which were used to measure
the power output produced. The power output of the model was measured to be a minimum of 0.12
W for a rotational speed of 107 rpm, which corresponds to a power output of 12 kW for the scaled-up
prototype. This system has the potential for further enhancement by incorporating multiple OWCs into
coastal structures exposed to wave action. Such development could facilitate meeting the power
requirements of coastal structures, thereby contributing to the promotion of both renewable energy
generation and a sustainable environment. Future research will focus on optimizing OWC chamber
sizes for specific sites and refining the model to better capture water surface oscillation dynamics.
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1. Introduction

While the world's energy needs are constantly increasing recently, much of it is met by fossil fuels.
However, the harm that fossil fuels have on the environment is an important consideration. This issue
relates to industrialized and developing countries that signed the Kyoto Protocol in 1997 to control
and reduce carbon emissions in the atmosphere. The Kyoto Protocol was an amendment to the United
Nations Framework Convention on Climate Change (UNFCCC), a pivotal international treaty that was
entered into force on March 21, 1994, aimed at mitigating global warming (Kyoto Protocol to the
United Nations Framework Convention on Climate Change, 2023). By uniting nations, its primary
objective was to address the inevitable consequences of rising temperatures. The protocol imposed
legally binding provisions on ratifying countries, surpassing the strength of those outlined in the
UNFCCC. The Kyoto Protocol established precise emission reduction targets for industrialized
countries, with an exemption for developing countries. In order to achieve these targets, most
countries that ratified the protocol were required to employ various strategies. One prominent
strategy involved a shift towards enhanced utilization of renewable energy sources, such as solar
power, wind power, ocean energy, and biodiesel, as substitutes for conventional fossil fuels.

While the majority of industrialized nations endorsed the Kyoto Protocol, economic considerations led
some signatory countries to express reservations (Shishlov et al., 2016). Despite being finalized in
Kyoto, Japan, in 1997, the protocol only took effect in 2005 after extensive negotiations. As the 1997
Kyoto Protocol focused on developed countries, only 84 countries signed it and implemented the
framework. But 196 countries have signed the 2015 Paris Agreement, which goes even further and
places responsibility on all countries to limit emissions (The Paris Agreement, UNFCCC, 2024).
Meanwhile, the severity of environmental pollution stemming from fossil fuels has escalated
significantly. In addition to relying on fossil fuels, many developed countries constructed nuclear power
plants to fulfill their energy requirements and derive energy from nuclear sources. However, the
potential for natural disasters, substantial negligence, and other factors pose a significant risk. As a
result, nations with nuclear power plants are progressively opting for the phased closure of these
facilities as a strategy to mitigate the associated risks (PRIS - Reactor Status Reports - Permanent
Shutdown - By Country, 2024).

Extensive research has been conducted in the realm of clean energy to mitigate the potential disasters
stemming from the misuse of nuclear power plants and the pollution associated with fossil fuels. The
outcomes of these investigations have fueled a growing inclination towards renewable energy sources
(Dey et al., 2022). This shift is characterized by a heightened focus on energy alternatives that
substantially decrease environmental pollution. As a result, the adoption of renewable energy is on
the rise, reflecting a concerted effort to address environmental concerns and promote sustainable
energy practices.

Given Tirkiye's unique geographical positioning with three sides surrounded by seas, a strategic focus
on wave energy sources is a necessity. Although the wave potential might not be ample for significant
clean energy generation, it is important for newly constructed coastal structures to be designed to
meet at least a portion of their energy requirements. Retrofitting existing coastal structures with wave
energy converters, if possible, should also be considered. For such a goal, an Oscillating Water Column
(OWC) system is one of the best alternatives (Zheng et al., 2019). The main focus of this study concerns
the theoretical estimation of both the efficiency and potential power output generated by an OWC
system specifically designed for integration into coastal structures. The aim is to support these
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theoretical assessments with experimental findings and ultimately aim to meet the power
requirements of coastal structures.

1.1. Wave energy converters

Ocean waves contain tremendous energy potential. When it comes to energy production from the
oceans, energy production from the waves is the most advantageous commercial method and is
preferred by many companies (Minerals Management Service, 2006). Wave energy exhibits a range of
advantages and drawbacks. On the positive side, it is renewable, environmentally friendly, abundant,
predictable, and poses no harm to land. Harnessing this energy is relatively straightforward.
Conversely, it is limited to specific locations, can have adverse effects on marine ecosystems (Grecian
et al., 2010; Hutchison et al.,, 2022), disrupts vessel traffic, introduces noise and visual pollution
(Patricio et al., 2009), and underperforms in inclement weather conditions.

Wave Energy Converters (WECs) are devices designed to harness energy from either the movement of
waves at the surface or the pressure variations beneath the water's surface. These devices generate
electricity using one of the following three functions: wave motion, wave pressure, and air pressure.
These systems are further divided into two as fixed or floating systems. The wave energy is obtained
from the movement of the equipment which is fixed to the float or seabed. While numerous designs
and concepts exist, WECs can generally be categorized into three main types: attenuators, point
absorbers, and terminators (Drew et al., 2009). Attenuators are systems with floating parts that move
with the waves. They use wave motion as the driving force. The kinetic energy of the wave moves the
turbines and drives electricity generation. Pelamis® is an example of such systems (Rodrigues, 2008).
Point absorbers make use of the pressure difference created by the rising and falling water level due
to the wave action to generate electricity. These structures can either be floating, moving up and down
on the water's surface, or submerged below the water surface (Drew et al., 2009). Terminators are
positioned perpendicular to the wave direction. These devices typically include a component that
moves up and down in response to the waves. This reciprocal motion is utilized to pressurize fluid,
which in turn drives a turbine, generating energy. An example of a terminator-type WEC is the Salter's
Duck, developed at the University of Edinburgh. (Falcdo, 2010). It is also possible to classify WECs based
on their operation modes. This classification includes submerged pressure differential devices,
oscillating wave surge converters, oscillating water column (OWC) devices, and overtopping devices.

1.2. OWC Systems

OWC systems represent a first-generation of WECs and are widely used in coastline applications. One
of the earliest OWC system was integrated into a cliff at Toftestallen, near Bergen in 1985. Another
small OWC shoreline prototype was deployed at the island of Islay, Scotland in 1991 (Falcdo, 2010;
Henriques et al., 2016). UK, Portugal, India, and Japan are the leading countries that installed and are
still working on OWC systems (Cruz, 2008). OWC systems are preferred more often by energy
companies because of the cheaper and easier cost and maintenance compared to other WEC systems.
OWC systems have the flexibility to be constructed onshore, nearshore, or offshore. Nevertheless,
each location comes with its distinct set of drawbacks: offshore structures have disadvantages such as
high maintenance costs and difficulties in energy transfer, while systems in the shallow zone should be
durable to cope with the increased kinetic energy due to the breaking of waves approaching the shore.
The deployment of shoreline devices could be limited by the shoreline geology, tidal range and the
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requirements of preservation of coastal scenery, etc. (Cruz, 2008).

Conversely, a well-designed OWC system tailored to the specific site can generate sufficient power to
fulfill the energy requirements of the structure it is integrated into. These systems, integrated into
marine structures like ports, docks, etc. offer an alternative to high-carbon footprint generators. Their
value becomes particularly evident as they generate electricity consistently, even in unfavorable
weather conditions when the city's power grid may face challenges. Thus, they emerge as an ideal tool
for environmental sustainability.

OWC systems (Figure 1) are typically designed to be stationary. The fundamental principle of OWC
technology involves harnessing energy through the rotation of an air turbine driven by the movement
of air trapped and released during wave oscillation. In these systems, seawater brought in by the waves
enters through the bottom of an enclosed structure, known as the chamber. As the water rises within
the chamber, it compresses the air inside. At the top of the OWC system, a turbine is placed. The
compressed air is directed to the turbine through a specially designed funneling interior. Subsequently,
as the gravity-driven wave recedes, it creates a vacuum within the system, leading to the influx of
external air through the turbine. This airflow causes the turbine to rotate, thereby converting the wave
energy into mechanical energy. By connecting a generator to the turbine, the mechanical energy
generated can be further transformed into electrical energy. This process illustrates how OWC systems
facilitate the conversion of wave energy into a usable and sustainable form of power.

OwWC owC

Walls turbine Walls turbins

Chamber

Front wall

Wawve crest

Figure 1. Schematic layout of an OWC system at compression and suction stages (Cui & Liu, 2015)

Conventional turbines are typically engineered for fluid movement in a specific direction.
Consequently, when integrated into OWC energy conversion systems, these turbines may generate
energy either during the compression of air or its suction, leading to a reduction in overall efficiency.
To optimize energy production and capture the maximum potential of the system, a self-rectifying
turbine becomes essential. This specialized turbine rotates consistently in the same direction during
both the air compression and suction stages, ensuring enhanced efficiency throughout the OWC
energy conversion process.

While OWC systems boast a straightforward structure, they offer significant prospects for
development and efficiency enhancements. Extensive research has been conducted on OWC systems
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(Brito-Melo et al., 2002; Josset & Clément, 2007; Martins-Rivas & Mei, 2009; Orphin et al., 2022).
Despite the progress made, it's important to note that OWC systems are still undergoing development.

1.3. Wells Turbine

Presently, three types of self-rectifying air turbines are in use: Wells Turbine, Impulse Turbine and
Dennis-Auld Turbine. Wells Turbines capable of bi-directional operation is best suited for the OWC
systems. The Wells Turbine (Figure 2), was first conceptualized in 1980 in Belfast (Carija et al., 2012).
The most important feature of the Wells turbine is that each airfoil blade is symmetrical for the axis
passing through the blade center.

[}
Osdillating A
airflow -1

| A
Oscilating ~p<i __ _ g
airflow o

Figure 2. Outline of Wells’ turbine (Okuhara et al., 2013)

Symmetric airfoil blades, positioned around an axis of rotation, rotate in the tangential force direction
which acts only in one direction independent of the direction of airflow (Mohamed, 2011) (Figure 3).
Consequently, the Wells turbine exhibits a stable rotation in one direction, ensuring continuous power
generation for the connected electrical generator, irrespective of changes in the airflow direction. If
the airfoil is oriented at an angle of attack a within a fluid flow, it generates a lift force L, perpendicular
to the free stream, and a drag force, D, aligned with the direction of the free stream. The combined
aerodynamic force, Fg, resulting from the lift and drag forces, is expressed as follows:

Fp = VIZ + D2 (1)

The resultant force can be decomposed into its axial and tangential components, F4 and F; respectively.
These components can be further expressed in terms of lift and drag as:

F, = Lcosa + Dsina (2)
F; = Lsina — Dcosa (3)

The tangential force, denoted as F;, is accountable for generating torque, thereby contributing to the
blade power. On the other hand, the axial force, represented as Fa, leads to an axial thrust along the
rotor's axis. In the context of a symmetrical airfoil section, the tangential force F; retains its direction
for both positive and negative values of a, whereas the axial force F4 undergoes a reversal in its
direction. This results in a unidirectional rotation of the device when exposed to alternating airflow
(Mohamed, 2011).
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Figure 3. Aerodynamic forces acting on a Wells turbine blade (a) compression stage, (b) suction stage
(Shehata et al., 2017)

2. Materials and Methods

Coastal structures, such as breakwaters, offshore platforms, and submerged pipelines, may encounter
deep water conditions depending on their location and the characteristics of the surrounding ocean or
sea. These conditions are crucial considerations in the design and assessment of coastal structures to
ensure their stability, functionality, and resilience against wave action and other environmental forces.
A 1:10 scale oscillating water column (OWC) model was constructed for experimental evaluation.
Theoretical computations were conducted to ascertain its performance under deep water conditions.

The choice of model scale and the depth of the testing tank were pivotal in establishing the upper limit
of the oscillation period. The lower limit of the period was determined based on the critical wave
steepness value that could lead to wave breaking. Subsequently, calculations were performed to
determine various parameters including wave length, wave power, rotational power, and system
efficiency. The OWC model underwent controlled heaving motion within the tank, where the minimum
power output was gauged through the illumination of LEDs. The resultant power data from the OWC
model experiment was then scaled up and compared with the theoretical estimations for the
prototype. These steps are explained in detail in the following subheadings.

2.1 Model Construction

The aim of this research is to design an OWC system for integration into marine structures, particularly
breakwaters. The objective is to provide a sustainable energy solution for these structures, inherently
exposed to wave loading. In this context, a model of an OWC system suitable for integration with
marine structures has been constructed. The emphasis is on the simplicity of the working principle and
the ease of installation at a laboratory scale. OWCs are designed to produce electrical energy by
converting wave energy. These systems have equipment that provides the electrical cycle as well as
chambers where the increasing water column compresses the air inside. In the OWC operating
principle, the turbine takes its energy from the compressed air stream, although the energy is
harnessed from the wave.

The OWC system in this study comprises two main components: a chamber for compressing and
pressurizing air and a Wells turbine utilizing the air pressure difference as the driving force to generate
electricity. The subsequent subheadings provide a detailed description of the Wells turbine

Gemi ve Deniz Teknolojisi -60- Issue 225 | June 2024



construction and chamber design for the 1:10 scale model.

2.1.1. Construction of Wells Turbine

A 20 cm diameter LED (Light Emitting Diot) computer fan (Figure 4a) was employed as a substitute for
the Wells turbine, generator, and rotor assembly (Figure 2). Due to the incompatibility of the computer
fan blades with those of a Wells turbine, they were removed (Figure 4b) and are set to be replaced
with blades that align with the Wells turbine design.

Figure 4.a) 20 cm DC12V 0.30A LED computer fan b) The skeleton of the fan with the original blades
removed

Typically designed for electricity consumption, computer fans operate as consumers of electrical
power. In adapting the existing computer fan for use as a Wells turbine, a crucial transformation was
required: shifting the fan's role from an electricity consumer to an electricity generator. This
necessitated a modification of the fan's original circuitry to facilitate the generation of electricity.
Initially, the modification process involved the removal of the Integrated Circuit (IC) pin. Figure 5a
shows four slender copper wire windings and the detached IC pin.

Figure 5. a) Copper wire windings and detached IC pin, b) Connection points of copper wires at the
back of the fan, c) Drilling holes in the cover section, d) Soldering copper cables to copper windings.

The red and black copper wires on the fan (Figure 5b) serve to regulate the incoming current circuit,
while the white copper wire is employed for adjusting the rotational speed. The copper wire windings
are soldered to the points indicated by the arrows in Figure 5b. There are magnets inside the main
body where the blades are mounted and the rotor is connected. When the rotation takes place, electric
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current is generated on the copper wire windings. To facilitate the transfer of the generated electricity,
holes were drilled in the cover section (Figure 5c). Subsequently, copper cables were soldered (Figure
5d) to copper windings, establishing a connection for the transmission of the generated electricity to
the targeted circuit.

To optimize the aerodynamic performance of the turbine model, the original blades were replaced
with new ones designed to conform to the NACA0020 airfoil profile. The NACA0020 airfoil profile, well-
known for its high efficiency, is widely recognized as one of the predominant blade profiles utilized in
Wells turbines (Cruz, 2008), (Shehata et al., 2017). Six symmetrical blades were constructed and
affixed to the fan body. A quarter circle with an outer radius of 9 cm and an inner radius of 3 cm was
cut from PVC, Styrofoam was inserted inside, folded symmetrically, and the edges were joined (Figure
6) to form the new blades.

Figure 6. Side view of the six symmetrical sectioned NACA0020 blades

2.1.2. Construction of the Chamber

The next step in this study was to design a chamber in which the elevated water would compress the
air and the compressed air would rotate the blades of the Wells turbine. A simple OWC chamber model
is constructed with a truncated cone-shaped plastic container. The model chamber has an outlet
diameter of 30 cm and an inlet diameter of 40 cm. The construction of the OWC model was completed
by mounting the Wells turbine with a fan diameter of 20 cm at the outlet of the chamber model. A
schematic representation of the OWC system along with the solid model is given in Figure 7.

380.00

| 400.00 ‘

Figure 7. Geometric properties and the solid model of the OWC system.
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The inner surface of the chamber is covered with a plastic layer to ensure a conical geometry. This
configuration accelerates the flow inside the chamber and efficiently directs the air flow to the turbine.
In addition, a layer of silicone is applied between the plastic sheet and the chamber to ensure a secure
seal.

2.2. Calculation of Wave Power (Py)

The wave power (Py) and the wavelength (A) are determined using the standard linear wave theory
(Heller, 2012) for deep and shallow water conditions, as follows:

Pw,deep = pwater.ngHZW/szn , A= gTZ/ZTT (4)

T2
Pw,shallow = pwaterngszW/8)\ ’ A= gz_n tanhkd (5)

where p,qter IS the water density, g is the gravitational acceleration, T is the wave period, d is the
water depth, w is the width of the wave crest presented to the chamber, H is the wave height and k is
the wave number, which is:

k=2m/A (6)

2.3. Calculation of Mechanical Power Output (P;)

A schematic representation of a forcing linear wave profile and the corresponding wave properties is
provided in Figure 8, along with the depiction of the OWC system utilized in this study. In the employed
model, the water-air chamber is in the form of a truncated cone, with circular inlet and outlet sections.
The methodology for calculating the power output of the OWC system relies on the heave velocity of
the water column within the chamber, derived from the displacement value.

The volumetric air-flow rate into the OWC chamber can be calculated as:

Botlom X

Figure 8. The model chamber and water wave properties. R; is the radius of the model chamber at the
still water level (SWL), Ro is the inlet radius, R, is the outlet radius of the chamber model and h(t) is the
water level time series inside the chamber. A is the wavelength, H is the wave height, d is the water
depth.

Q=41 (7)

where A; is the cross-sectional area of the water column at the SWL in the chamber and V; is the
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average velocity of the water column at the SWL in the chamber (Kelly et al., 2013).

Using the continuity equation, the average output velocity V,can be calculated.

_ Avy  mRivy

_ _ (R)?
Vo = A, — mwRZ (Rz) 1 (8)

If we assume that the maximum water level change in the chamber will be hpmqx =H in time T/2 then the
average air velocity at the SWL, V; will be

hmax
Vl = T/Z (9)

Combining Equation (8) and Equation (9), the average air velocity at the outlet, V>, is found

v, = (2) 2 (10)

R, T

The airflow velocity at the blades, namely V5, is directly proportional to the wave height and decreases
as the wave period increases.

The water level change in the chamber can be expressed as:

n(x,t) = % sin(kx — at) (11)
The initial volume of air confined in the chamber at the initial time ty is
Ve="2[R; — R}] (12)

where m is the slope of the lateral surface of the chamber.

The volume of sucked/compressed air, V,(t), at time t as a result of change in water level is:
m H . 3
V() ==~ [Rf — (R1 ———sin(kx — at)) ] (13)

The volume of air trapped in the chamber at time t is the initial volume of air plus/minus the
sucked/compressed air volume which is:

Vair(t) = Ve =V, (1) (14)

m H 3
Vair () = =~ [(Rl — 5 —sin(kx — at)) — R%] (15)
My — Moy = d;ntw (16)

The rate of change of the air volume V;,.(t) is the air volume flow rate passing through the turbine
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Vair () = dv‘;;:(t) =70 [(Rl - %sin(kx - at))z] E cos(kx — at)] (17)

A wind turbine captures kinetic energy from the airflow, characterized by the speed V,;,- and mass flow
rate mg;,- and transforms it into mechanical rotational power. Applying the Bertz’s limit (16/27)
(University of South Florida & Blackwood, 2016) which is the theoretical maximum efficiency for a wind
turbine, we can write the total mechanical rotational power of the system as:

_1(16\ . _ 8 pairy
Pt - E(;) mairVazir - E :ér vair(t)3 (18)

where p.ir is the air density and A. is the turbine cross-section area. The total delivered energy during
one period T of the incident wave can be expressed as:

E =4[" Pt (19)

The mechanical efficiency (%) of the system in converting wave power to rotational power is given by:

np = (P¢/Pw) X 100 (20)

where P:is the average rotational power output of the system, P,, is the mean wave power transmitted
for width w of the wave front in the direction of wave propagation.

2.4 Experimental Setup

The model is tested in a tank at the Ata Nutku Ship Model Testing Laboratory located at ITU Faculty of
Naval Architecture and Ocean Engineering. The tank width is 1.4 m and the water depth is 1.3 m. The
schematic depiction of both the model OWC system and the tank's geometric configuration is
illustrated in Figure 9.

1300.00

1400.00

- -

Figure 9. The OWC model and schematic layout of the model and the tank geometry.
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The circuit on the electronic board of the computer fan has four 3.4 V LEDs. Initially, the electric circuit
of the model is tested by blowing air to force the blades to rotate. The rotation of the blades induced
rotation in the rotor, generating an electrical current along the copper wires, consequently lighting up
the LEDs. The OWC system model is then tested in the tank to see whether the water elevation inside
the chamber is sufficient to trigger rotation of the blades. The rotation of the blades is effectively
driven by the airflow generated through the water level changes within the chamber. A voltmeter is
used for measuring the potential difference (V) across the circuit integrated on the electronic board of
the Wells turbine. During the model experiments, while the wave forcing was manually generated,
recordings were captured using a high frame rate camera, and the applied wave period was
determined through analysis of these recordings.

3. Results and Discussion
3.1. Experimental Results for the Model

The OWC model was forced manually to heave in the tank with a period of T= 1.2 s. This period value
is within the range of deep-water condition. Remarkably, the power generated by the simple model
OWC system proved sufficient to illuminate all four 3.4 V LEDs (Figure 10). The LED serves as an
indicator, emitting light only when it receives sufficient electrical power, making it a useful tool for
measuring the power generated by the model OWC.

Figure 10. Four 3.4 V blue LEDs are illuminated.

A voltmeter recorded a 2 V potential difference across the circuit integrated on the electronic board
of the Wells turbine in the tank, when LEDs emit low brightness light. The forward current and
brightness of LEDs vary depending on both the semiconductor material and applied voltage. The
terminal voltage was changed by using a variable voltage source, and the total system current at the
terminals that is summation of the currents of all system elements such as LEDs, coils, driver etc. was
measured. The change of total system current with terminal voltage of the fan is given in Table 1.
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Table 1. The change of total current with terminal voltage of the fan

Terminal Voltage (Voc) Total system current (mA) LED brightness
2.6 32 low brightness
4 60 normal brightness
6 103 normal brightness
8 146 high brightness
10 190 high brightness

It was seen from the experiments that the model is capable to generate electrical power. Since the air
turbines within OWCs operate at low rotational speeds, it's crucial to identify the ideal turbine
rotational speed and develop an energy-optimized control system (Rosati et al., 2022). Measurements,
including rotational speed, voltage, current, and frequency, were also performed. As a sample case, at
a rotational speed of 107 rpm, the voltage was measured as 6 V, the current drawn by a single LED was
5 mA. Under this operating condition, the total led current is calculated as / =4 x 0.005 A = 0.02 A, the
consumed power on 4 LEDs is calculated as Pconsumed= 6 V x 0.02 A = 0.12 Watts. Considering the model
scale, the prototype power output is expected to be 10° times the model power output, leading to a
power output of 12 kW for the scaled-up prototype.

Since the fan motor used in the model is a brushless motor, it generates AC electrical power, and both
the frequency and terminal voltage depend on rotational speed. When assessing the model’s feasibility
for a specific location, choosing the right electrical generator is crucial. According to literature (Amilibia
& lturregi, 2010), two generator types suitable for use with variable-speed turbines in wave-based
power generation are the synchronous permanent magnet generator (PMG) with the frequency
inverter and the asynchronous induction generator. The efficiencies of PMGs and DFIGs (Double Fed
Induction Generators) range from 0.86 to 0.95 depending on the type and size of the generator.

3.2. Theoretical Results for the Prototype

The geometric properties of the model and prototype OWC are given in Table 2. Froude (Fr) similarity
and Keulegan-Carpenter (KC) similarity are used respectively, for scaling up the model heave velocity
and model period to full-scale prototype values. Thus, the prototype period is found to be V10 times
the model period (Tm= 1.2 s), which corresponds to T = 3.8 s for the prototype.

Table 2. Model and prototype OWC parameters.

Parameter Model Prototype
Inlet Diameter [m] 0.40 4.0
Outlet Diameter [m] 0.20 2.0
Diameter at SWL [m] 0.15 1.5
Chamber Height [m] 0.38 3.8
Wave Height [m] 0.30 3.0
Period [s] 1.20 3.8
Deep water wave length [m] 2.25 22.5

Equation 4 was employed to calculate the wave power (Py), Equation 18 was used for the mechanical
power output (P:), and Equation 20 was used for determining the mechanical efficiency (n,) values
corresponding to various wavelengths. The outcomes of these calculations are presented in Table 3.
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At the determined wave height, rotational power and mechanical efficiency increase as the wave
length decreases. Deep water waves break when the wave steepness H/A reaches the threshold value
of (1/7) (Dean and Dalrymple , 1994). In our case, for a 3 m wave height the lower limit for the
wavelength is A =21 m. This is the lowest wavelength that a deep-water wave with the specified height
can maintain its stability. Below this value, the wave will break. On the other hand, when the
wavelength exceeds A = 26 m, deep water condition is violated. This is the upper limit for the
wavelength. The scaled-up wavelength for the prototype, A = 22.5 m, falls within this range.

Table 3. Variations of mechanical power output and efficiency versus wavelength for the prototype

Deep Water
Prototype Intermediate Water Condition
Condition

T[s] 3.67 | 3.80 | 400 | 438 | 473 | 5.00 | 537 | 566 | 593 | 6.20 | 6.45 | 6.70 | 6.93 | 7.16
Ao [M] 21 22,5 25 30 35 40 45 50 55 60 65 70 75 80
A[m] 21 225 25 299 | 344 | 388 | 43.1 | 469 | 50.7 | 544 | 57.8 | 61.2 | 64.1 | 67.1
P: [kW] 719 | 64.8 | 555 | 423 | 336 | 284 | 229 | 196 | 17.0 | 149 | 13.2 | 11.8 | 106 | 9.7
Np (%] 739 | 644 | 524 | 364 | 268 | 214 | 16.1 | 13.0 | 10.8 | 9.1 7.8 6.7 5.8 5.1

The maximum instantaneous air volume flow rate (Figure 11a), maximum instantaneous mechanical
power output and average mechanical power (Figure 11b) were calculated for the scaled-up prototype,
where the period is T = 3.8 s. The average mechanical power output for the prototype was determined
to be 64.8 kW with a mechanical efficiency of n,= 64.4 % (Table 3).

The rate of airflow through the turbine fluctuates over time in response to variations in the water level
within the tapered chamber (Figure 11a). The volume flow rate is taken as positive during the suction
stage where air in the chamber flows in the downward direction. The volume flow rate is taken as
negative during the compression stage where the air in the chamber flows in the upward direction.
The volume flow rate is zero at the end of the suction and compression stages where the air motion
halts and changes direction. The first 0.95 seconds of one period is the suction stage where the water
level keeps going down. The compression stage takes place between 0.95 and 2.85 seconds of one
period and the water level goes up in this stage. The mechanical power output of the system varies
over time (Figure 11b), reaching zero at the 0.95 and 2.85 seconds, corresponding to instances of zero
flowrate. Suction takes place again between 2.85 and 3.8 seconds.

The average mechanical power output for the full-scale prototype, corresponding to a wavelength of
22.5 m, was determined to be 64.8 kW, achieving a mechanical efficiency of 64.4 %. The overall
efficiency of a system can be calculated by multiplying efficiencies of all equipment such as turbine,
electrical generator, connection elements etc. The overall efficiency of the proposed system can be
calculated as 55 % by taking generator's efficiency as 85 % in which case the average power output of
the system will be around 55 kW. The losses in other components may reduce the overall efficiency.
The resulting efficiency value is promising and not less than the range applicable to most air turbines.
Air turbines typically operate at an efficiency range of 20 % to 40 % in converting wind into energy
(“Renewable Energy Fact Sheet: Wind Turbines,” 2013).
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Figure 11. a) Maximum instantaneous air volume flow rate, b) Maximum instantaneous mechanical
power output and average mechanical power.

The main objective of the numerical calculation pertaining to the efficiency of OWC systems is to model
the oscillations of the free surface within the reservoir. The findings presented in this context may not
offer an exact representation of the flow dynamics within the chamber. The assumption is that the
oscillation of the water surface inside the chamber mirrors that of the oscillation outside the chamber.
However, the fluctuation of the water free-surface inside the chamber, influenced by actual sea
conditions, will introduce a level of uncertainty.

4, Conclusion

It is feasible to provide at least a portion of the energy needed by coastal structures through wave
energy within the scope of clean energy. In this study, the power output and efficiency of an OWC
system that could be considered in the design of new coastal structures or integrated into existing
coastal structures through retrofitting have been calculated, and the results have been compared with
the findings of a 1:10 scale model experiment. The study reveals that the mechanical power output is
directly proportional to the cube of the wave height (H) and inversely proportional to the cross-
sectional area of the air inlet/outlet (A;). Notably, the relationship between the mechanical power
output and the wave length is nonlinear (Table 3). Both the mechanical power output and mechanical
efficiency exhibit a decrease as the wavelength increases. Intriguingly, the maximum values for both
the mechanical power output and mechanical efficiency coincide at the same wavelength.

OWC systems should be designed and installed considering parameters such as the regional wave
climate, the wave length, wave period and water depth. In the conducted study, an illustrative case
was resolved under deep-water conditions, assuming a wave height (H) of 3 m. The results indicate
that the maximum power achieved was 64.8 kW with an accompanying mechanical efficiency of
64.4 %. The optimal performance occurred at a specific wave length (A1) of 22.5 m.

In a particular region, the most frequently observed wavelength and wave height can be employed to
ascertain the optimal dimensions of an OWC chamber, aiming for maximum mechanical power output
and efficiency. Future research will involve a parametric study aimed at optimizing the dimensions of
an OWC chamber for a selected site and will focus on developing a more accurate model for water
surface oscillation within the chamber.
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