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ABSTRACT

Ocean energy presents arguably one of the most rich renewable energy solutions currently

under exploration, and consists of a variety of potential resources including tidal barrages,

salinity gradients and ocean thermal energy. However two sources, tidal currents and ocean

waves, are considered by many as the most promising and have subsequently observed the

greatest development in recent decades. Ocean waves offer a predictable, dense and virtually

untapped energy resource with potential to significantly contribute towards the rising global

energy demands. A number of prototype failures and subsequent lack of long term com-

mercial deployments has consequently impacted the development of Wave Energy Converter

(WEC) technologies, such that the technologies are considered immature and currently eco-

nomically uncompetitive with renewable energy counterparts such as wind and solar. To

combat the economic argument, a number of solutions have been devised to reduce the high

costs currently associated with ocean wave energy, one of which is integration within maritime

structures to create synergistic multi-purpose platforms.

While concepts have been formulated for the integration of various WEC technologies, the

Oscillating Water Column (OWC) WEC is favoured as a predominant devices for implemen-

tation due to its rigid design, capability for incorporation within solid edifices, and relative

ease of maintenance due to all moving parts above water. The OWC device’s operational

principle, in its most elementary form, utilises incident wave interaction to oscillate a trapped

column of water inside the chamber, subsequently operating in a ’piston-type’ motion to force

air in and out of a turbine. The economic benefits of OWC device integration encompass both

the capital and operating expenditure, from costs shared during the construction, through

to the reduction in maintenance and grid connection costs, ultimately making the concept

more competitive within the renewable energy sector. With some full scale demonstration

cases and commercial devices currently operational, the vast majority of maritime structure

integrated WECs target bottom-mounted breakwaters, which are typically depth limited due

to the economic constraints associated with deep water construction. This type of integration

restricts the operational range of the concept to onshore/nearshore regions; however, with

the expansion of many blue economy industries into offshore regions, opportunities arise for

exploration of wave energy conversion to serve in deeper waters. In order to migrate from

the nearshore integrated concepts, integration within floating offshore structures, such as

breakwaters and offshore platforms, must be explored for viability from both economic and



operational perspectives. Understanding the hydrodynamic performance of OWC devices

integrated within maritime structures, both fixed and floating, is the focus of this research

project.

Initial stages of the research project considered a detailed model scale experimental inves-

tigation regarding integrated OWC device performance, which was conducted to explore

two specific parameters respective impact on OWC device energy absorption; firstly, the

cross-sectional geometry, and secondly, breakwater integration. An isolated OWC device

of rectangular cross-section was compared to a previously researched device with a circular

cross-section of equivalent area to explore the impact on energy absorption, where negligible

difference in performance was observed between the geometrically varying devices. Following

this realisation, both respective devices were incorporated within a model scale, gravity-

based breakwater to compare the extraction efficiency of the devices between both isolated

and integrated configurations. The results obtained indicated that the energy absorption

capacities of the OWC devices are significantly improved through breakwater integration,

with the rectangular OWC device recommended due to its orthogonal construction allowing

for less complex incorporation. This research provided a foundation for the performance of

OWC device integrated maritime structures, and enhanced the potential for OWC device

integration within floating offshore structures.

Development of the project generated a second comprehensive model scale investigation de-

signed to establish a proof-of-concept for a floating breakwater integrated with multiple OWC

devices. A generic π-type, soft-moored breakwater was integrated with a modular number of

OWC devices and subjected to both regular and irregular sea states to analyse how variations

to device configuration, breakwater width, pneumatic damping, wave height and motion con-

straints impact two overarching parameters; the energy absorption of the integrated OWC

devices, and the performance of the floating breakwater. The investigation yielded substan-

tial insights regarding the beneficial impact OWC device integration can have on the motion

characteristics of the floating breakwater, while minor reduction was simultaneously observed

for wave transmission and reflection. The investigation also highlighted the importance of de-

vice spacing with respect to OWC device performance, where insufficient spacing was found

to have a detrimental impact on energy absorption where destructive device-device interfer-

ence was observed. Through specific configuration of the aforementioned design parameters,

the WEC/breakwater concept was able to obtain total device conversion efficiencies of up

to approximately 80% at resonance in regular waves, and observed equivalent performance

in irregular waves. This project reveals that maritime structure integration of OWC WECs

provides significant benefits to the hydrodynamic performance of the integrated devices,

which in association with the previously established economic benefits, further strengthens

the viability of the concept, and provides foundation for future development.
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Chapter 1. Thesis Introduction

1.1 Current Status of Ocean Wave Energy

1.1.1 Ocean Renewable Energy

As global political and environmental climates change, so too does investment in energy pro-

duction. Many countries are actively committing towards reducing their carbon footprint by

evolving from carbon-producing fossil fuel generated power, to investing in sustainable re-

newable energy resources. This considerable shift from fossil fuel derived energy has resulted

in a significant rise in research and development for renewable energy systems; from the more

established technologies such as hydropower and wind, through to emerging fields such as

ocean energy. In the current global energy market, trajectories indicate that reliance upon

fossil fuel generated electricity is set to decrease, while renewable energy generated electricity

will increase and fill the void [1]. While the environmental benefits are apparent, the economic

benefits of energy resources that do not deplete over time are often insufficiently recognised

[2]. As of the end of 2018, the global energy share between non-renewable and renewable en-

ergy resources was estimated at 73.8% and 26.2% respectively [3], with hydropower (60.3%),

wind (21.0%) and solar (9.2%) accounting for approximately 90.3% of the renewable energy

share. Other resources identified as key contributors towards renewable energy generation

include bioenergy, geothermal energy and ocean energy, whose respective technologies are re-

viewed in the Special Report on Renewable Energy Sources and Climate Change Mitigation

(SRREN) [4], which was produced and published by the Intergovernmental Panel on Climate

Change (IPCC). Installation of onshore wind and solar projects continue to increase annu-

ally despite the geographical spatial requirements associated with commercial scale farms [5,

6], and the impact of public perception [7–9]. These factors may lead toward a reduction

in future installation rates, potentially opening the door for other renewable energy sources

such as ocean wave energy to contribute towards the global renewable energy share.

Ocean Renewable Energy (ORE) provides one of the most profuse, predictable and dense

renewable energy resources worldwide; yet to date, is virtually untapped relative to the vast

resource it presents [10–13]. ORE is often subdivided into categories pertaining to the variety

of differing renewable resources encompassed within the ocean, which include; tidal barrages,

salinity gradient and ocean thermal energy to name a few [14], however tidal stream and

ocean wave energy present two of the most promising resources for ocean energy extraction

[15]. The estimated value for the oceans technical energy potential, considering all aforemen-

tioned subcategories of ORE, is 91 944 TWh [16, 17]. For perspective, the global electricity

demand for 2018 was approximately 22 200 TWh [18], less than a quarter of the estimated

potential ocean energy, illustrating the immense resource the ocean could provide. Though

it is unrealistic to contemplate meeting global electricity demands solely via ocean energy,

there is significant potential for ORE to provide support in the ever-growing renewable en-
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ergy sector. Considering specifically ocean wave energy, the worldwide theoretical resource

has been estimated to be approximately 32,000 TWh/yr [4], however the technical potential

is predicted to be substantially less and is dependent upon wave energy conversion technol-

ogy development. More recent estimates indicate the resource to be approximately 18 480

TWh/yr [19], with a number of region specific resource assessments highlighting the potential

for ocean wave energy worldwide [20–27]. Australia, being an island nation, has one of the

largest ocean wave energy resources of any country [20], with a recent assessment indicating

an approximate value of 1796 - 2730 TWh/yr [28]. For perspective, Australia’s total elec-

tricity generation for the 2018 calendar year, considering both renewable and non-renewable

generation sources, was estimated to be 261 TWh [29]. With 90% of the Australian popula-

tion living within 100 km of the coastline [30], harnessing the significant available resource

in close proximity to the dense populous could provide a number of environmental and eco-

nomic benefits. Figure 1.1a illustrates the wave energy available to Australia, while Figure

1.1b highlights the Australian population distribution.

(a) Annual Mean Wave Energy Flux [28] (b) Population Density 2018 [31]

Figure 1.1: Australian maps indicating wave energy potential and population distribution

Currently, the Australian Government has committed to 33,000 GWh/yr of renewable energy

generation by 2020 as part of the Large-scale Renewable Energy Target (LRET), the value

of which was downgraded from 41,000 GWh/yr in 2015 [32]. While the LRET was met in

September 2019 [33], Australia has no current policy to govern the renewable energy target

beyond 2020; however, with commitment to the Paris Agreement, Australia has vowed to

reduce greenhouse gas emissions to 26 - 28% below 2005 levels by 2030 [34]. To achieve this,

further commitment to increasing the presence of renewable energy generation within the

Australian market will be required, providing opportunity for development of ocean wave

energy technologies.

Unlike the technology developed for wind and solar energy conversion, ocean wave energy is
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yet to converge on a universal technology for conversion [35]. Despite a large variation in

concept designs, WECs can generally be categorised into three predominant types [36];

1. Attenuators: which are positioned perpendicular to the wave crest and ’ride’ the

waves.

2. Point Absorbers: which are of small dimensions relative to wave length and typically

heave up and down either on or below the water surface.

3. Terminators: which typically operate parallel to the wave crest and physically inter-

cept waves.

Each of the aforementioned WEC types can then be subdivided into classes based upon their

mode of operation, by which they are more commonly recognised. A number of WEC tech-

nology reviews identify these classes to be; submerged pressure differential devices, oscillating

wave surge devices, oscillating water column devices, overtopping devices and oscillating body

devices [12, 36–38], and provide detailed characterisation regarding the mode of extraction

and examples of pre-commercial concepts that adopt the operation. Figure 1.2 categorises

a number of wave energy converter devices with respect to operational principle and region

of operation, highlighting the diversity of current technology. The potential for variation

amongst these classes has resulted in over 100 different wave energy converter technologies

to be developed; yet, few have been tested at pre-commercial or full scale.

Figure 1.2: Wave energy conversion technology classified by mode of operation and region of
operation. Image credit: [36]
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1.1.2 Applications for LCOE Reduction

While a world-class wave resource is readily available for Australia, very little has been

achieved by means of commercial scale wave energy development. A number of pre-commercial

prototype failures, as well as failure to meet stakeholder deliverables, has had a detrimental

impact on the public perception of ocean wave energy’s capability to provide sustainable

energy generation. As a consequence, development of WEC technology within Australia ob-

served a period of reduced activity. The major challenge that ocean wave energy currently

faces is the high costs affiliated with WEC technology [12, 37]. Currently, the first commer-

cial scale ocean wave energy array is expected to have a Levelised Cost of Energy (LCOE), a

metric which relates lifetime energy production to capital and operational costs, of approx-

imately USD$120 - $1058 per MWh [39, 40]. In comparison, the 2022 predictions for wind

and solar are approximately USD$55.8/MWh and USD$73.7/MWh respectively [41], which

are considerably less than that predicted for ocean wave energy. The large LCOE value range

presented for ocean wave energy is in relation to an offshore array configuration of devices,

and results from lack of commercially available and proven concepts from which valuable

input data can be obtained, along with the generalised immaturity of the technologies across

the sector attributes to the significant variation in values, hence providing a relatively un-

fair comparison. Consequently, most existing studies regarding LCOE predictions for wave

energy rely on ”hypotheticals” to devise evaluations [42–45]. Hence, in order for future de-

velopment and commercialisation of wave energy to occur, significant reduction in the high

associated costs is necessary.

To combat the high LCOE of ocean wave energy, two major applications have been derived

and considered for WECs. The first of which are array configurations; which entails imple-

menting the devices in a structured grid formation to produce an array or ‘farm’ of devices

that work in synchronisation to harness wave power and convert it into a usable form of

energy. This application of the technology is yet to be implemented at the prototype scale

of testing, however an increase in research regarding this concept by means of theoretical,

numerical [46–50], and experimental investigations [51–55] provides a foundation for the fu-

ture development of the concept. A review of numerical modelling for arrays of wave energy

converters was conducted by Folley et al. [56], highlighting the aims, underlying principles,

pros and cons, and results of the main numerical methodologies utilised for this application.

The second application that provides potential for LCOE reduction, and the foundational

concept for this research project, is the integration of WECs into pre-existing or in-development

maritime structures, such as harbours or breakwaters. Successful integration of WECs within

breakwater design (both fixed and floating) allows the concept to synchronously achieve the

traditional operational purpose of environmental protection, in terms of leeside sheltering,
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with the additional benefit of renewable energy generation, subsequently creating a multi-

purpose platform. In addition to the aforementioned benefits, these multi-purpose structures

can also provide valuable ’space’ in the maritime environment capable of supporting topside

infrastructure. Above-water area presents a significant commodity for many maritime indus-

tries, particularly in the offshore region, and has potential to assist on-water operations such

as material/consumable storage and accommodation among other industry specific require-

ments. The reduction in LCOE through integration of WECs within maritime structures

encompasses both the CAPEX costs, where costs can be shared during construction, and

OPEX costs, where accessibility associated with a nearshore or onshore maritime structure

could reduce the costs affiliated with maintenance and grid connection. Feasibility studies

of breakwater integrated WEC systems have been conducted, which identified that the to-

tal additional cost increment for WEC integration would be approximately 4% of the total

breakwater cost, where the OWC breakwater represents appoximately 30% of the breakwater

structure, and the predominant cost influence was the non-commercialised Power Take-Off

(PTO) system requirements [57, 58]. The benefits of maritime structure integration are not

exclusively economic. Devices also observe improved reliability and extended lifetime due to

the additional strength and support provided by the breakwater during heavy wave and/or

storm conditions.

1.1.3 The Oscillating Water Column WEC

Of the aforementioned WEC classes, the oscillating water column WEC presents one of the

most promising technologies for maritime structure integration. This is attributed primarily

to; its rigid construction, allowing for reduced complexity associated with integration into

solid edifices, and the positioning of all moving parts above the waterline, which increases

reliability and reduces maintenance costs. The OWC WEC is one of the most researched

and developed technologies utilised to harness ocean wave energy, with literature of the

concept first published by Masuda in 1971 [59], and origins dating back as far as 1910 [13].

Following this, Evans published a paper describing the operation and efficiency of Masuda’s

floating type OWC WEC by means of analytical and theoretical analysis [60], providing the

foundation for wave energy extraction via the OWC device, and leading to development and

refinement of the operating principles in the early years of the concept [61–63]. Typical OWC

device operation considers a trapped column of water within the device chamber moving in a

piston-type motion when excited by incident wave interaction. The fluctuating water column

interacts with a trapped pocket of air in the pneumatic chamber, subsequently generating

an oscillatory airflow, which is harnessed to produce electricity as it passes through the PTO

system, typically an air turbine coupled with an electric generator. Figure 1.3 illustrates the

power and information flow for a generic bent duct type OWC device.
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Figure 1.3: Power and information flow for mode of operation for an oscillating water column device.

Of the OWC WEC variations, the bent duct type OWC device presents a well researched

and developed concept explored for both fixed and floating configurations. The bent duct

type OWC device is a geometrically shaped chamber that has vertical, horizontal and diag-

onal sections. The cross-sectional geometry of the devices, (rectangular and circular utilised

throughout this research project), follow a predetermined swept path to form the chamber

of the device, as is later illustrated in Section 2.1.1. The vertical section of the device pierces

the waterline to create a free surface within the chamber, whilst the remainder of the device

is submerged. There are currently two OWC devices that are referred to as a bent duct

type OWC device, the first of which is the Backward Bent Duct Buoy (BBDB) as found

in [64–70], which was developed by Yoshio Masuda [71]. This device is constructed as a

floating buoy device tethered to the seabed, which is positioned so the inlet of the device

faces in the same direction as the incident wave propagation. The operating principle of the

device remains the same as other OWC devices in that a volume flux of air created by wave

interaction drives a turbine to produce electrical power. However, in this case the relative

motions, heave, surge and sway are enhancing factors for energy production and therefore the

technology is inappropriate for fixed breakwater implementation, yet could be considered for

floating breakwater integration if motions were not a governing design constraint. Currently,

one particular technology adopting the BBDB design, the OE buoy [72], which completed

1:4 scale testing in Galway Bay, Ireland in 2011 [73], is in the final stages of development as

a pre-commercial unit rated at 1.25 MW is set to be tested at the US Navy Wave Energy

Test Site on the coast of O’ahu, Hawaii.

The second bent duct device is the fixed bent duct OWC concept, such as that used through-

out this research, and also found in [74–81]. It is constructed as was previously described,

7



Chapter 1. Thesis Introduction

which results in the formation of a rigid structure. The device is then fixed in position so

the inlet of the device faces the incoming waves with the upper section of the device piercing

the water surface. A key aspect of the fixed bent duct type OWC device is that the natural

frequency of the device can be varied through the extension and reduction in the length of the

submerged duct, subsequently varying the length of the swept path. This is an advantage

as it can be customised to suit site-specific wave patterns and conditions to optimise the

extraction efficiency. As of 2019, an Australian wave energy company, Wave Swell Energy, is

planning to deploy their 200 kW Uniwaver OWC device, which adopts the bent duct type

profile, on the South-East coast of King Island, Tasmania. The isolated, full-scale proto-

type is a gravity-based structure which sits on the seabed with an inlet facing the direction

of incoming incident wave propagation, and offers the world’s first ’vented’ OWC concept,

utilising only one stroke of the internal free surface oscillation, which is discussed further in

Section 1.1.4.

Regarding the hydrodynamic power absorption capacity of an OWC device, a number of key

parameters in design of an OWC device have been identified, which include; the internal

chamber pressure and the power take-off damping. These parameters have been numerically

[82–86], and experimentally [87–89], explored for their influence on OWC device energy

extraction. Results of these studies indicate that turbine damping was the factor that most

significantly affected the performance of the OWC device, even more so than tidal variations

and wave conditions [87]. Hence, manipulation of the turbine damping to tune the device

results in significant changes in the hydrodynamic efficiency of the OWC device, as the mean

power output of the device is directly related to both the PTO damping coefficient, and the

internal pressure. The damping characteristics of a turbine, which indicates the relationship

between internal chamber pressure and volume flux of air, can vary from a linear relationship

as observed for the Wells type turbine, through to a quadratic or non-linear relationship

displayed by impulse turbines.

The development of fixed, stand-alone OWC devices has resulted in a number of full scale

demonstration cases to be deployed. Typically these devices have been shoreline power plants

that operate through incorporation of a concrete caisson with an open bottom to the sea,

subsequently creating an air chamber. The devices are often built into recesses in rocky cliffs

or on the sea floor, surrounded by vertical cliffs or open ocean. The operational capacity

of these types of devices, as with other OWC devices is dependant upon the design of the

device, and the sea state in which the device operates. Given the operating environment

characteristics, the operational capacity of devices can range from a few hundred kW up

to a few MW, with demonstration case devices proven to operate within this range. The

first device of this type to be deployed at full scale was a demonstration plant built in

Toftestallen, Norway. The plant was constructed in 1985 and operated on a cliff face recess for
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approximately three years before it was damaged by a severe storm, subsequently resulting

in decommission shortly thereafter. The device had a 500 kW operational capacity, and

represented one of the first fixed structure onshore plants to operate [90, 91]. Following the

installation of this device was the construction of two more recognised fixed onshore OWC

devices, namely the Pico OWC plant operating in Pico, Azores, Portugal, and the LIMPET

device in Islay, Scotland, UK. The first of these two devices to be constructed was the Pico

plant in 1999. The device is a bottom standing OWC situated adjacent to a vertical cliff that

offers several rocky shoreline gully formations, which provides a natural energy concentrating

characteristic. Although construction was completed in 1999, the device only ran its first

tests in 2005 due to technical issues; however, as a result of these issues the device had been

significantly improved whereby it performed at an operational rating of 400 kW [92–94], up

until it ceased operation in October 2018.

Figure 1.4: LIMPET OWC device installed on the island of Islay, Scotland. Image Credit: [95]

The LIMPET (Land Installed Marine Power Energy Transmitter) plant, pictured in Figure

1.4, completed construction and was commissioned in 2000 originally equipped with 500 kW

Wells turbine, however was downgraded to a 250 kW version [96]. The device was constructed

in a recess carved into a rocky cliff, and was operational from its inception up until 2018 when

it was decomissioned. While sustaining some commercial energy generation, the LIMPET

device was primarily used as a test facility for turbine design by Voith Hydro Wavegen,

where they develop their commercial concepts. Due to the turbine testing, the facility logged

over 60 000 hours of turbine operation, and the concept design provided foundation for

other full scale OWC device installations including the Mutriku breakwater. Review of the

LIMPET devices design, construction and operation can be found in [97, 98]. In addition
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to these original full-scale prototypes, a number of other fixed structure devices have been

constructed and deployed including OSPREY (Scotland) [99, 100], greenWAVE (Australia)

[101, 102] and Trivandrum OWC (India) [103].

1.1.4 Power Take-Off Systems

OWC WECs typically utilise airflow on both the up-stroke (exhalation) and down-stroke

(inhalation) of the free surface to extract hydrodynamic energy. To achieve this, OWC

devices generally require an air turbine with the capacity to observe unidirectional rotation

while under the influence of this bidirectional airflow. While a number of differing turbine

options have been developed for OWC devices, the two most common are the Wells’ type

[104], and impulse type [105] turbine variations. The Wells type turbine was invented and

patented by Dr. Alan Arthur Wells (1924-2005) in 1976. The design presented one of the

first concepts of a self-rectifying turbine that allowed for oscillatory airflow without the need

for a system of non-return valves. The turbine is considered one of the simplest and most

economical turbines for wave energy conversion. Although being quite economical, previous

studies have identified that the turbine has some inherent disadvantages, the most prominent

of which are low efficiency at high flow coefficient and poor starting characteristics [106–108].

A favourable characteristic of the Wells turbine is the approximately linear relationship the

turbine has between the internal pressure of the device and volumetric flow. Variations in

the design to improve the disadvantages have been proposed [109–111], which look to reduce

the noise and maintenance due to high rotational speed associated with Wells turbines. A

comprehensive review of Wells turbines was published in 1995 detailing the application for

wave energy conversion [112]. The Wells turbine has also been adopted/tested in a number

of full scale demonstration cases, such as in the LIMPET device on the Isle of Islay, Scotland,

pictured in Figure 1.5a [92, 113, 114].

(a) Wells Tubine - LIMPET. Image Credit: [115] (b) Impulse Turbine - OE Buoy. Image Credit: [95]

Figure 1.5: Commonly adopted bi-directional air turbines variations for OWC devices.

The second of the two most frequently adopted turbines for wave energy conversion is the
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self-rectifying impulse turbine as found in Figure 1.5b, which observes a quadratic damping

relationship, differing from the linear relationship observed for the Wells turbine. Many

variations in the design of impulse turbines have been produced since their inception to

the wave energy extraction field as can be found in [116]. The advantages of the impulse

turbine include; improved starting characteristics in comparison to the Wells turbine, widened

range of flow rates at which suitable efficiencies are delivered, and lower operational speeds,

hence reduced noise levels and maintenance issues compared to Wells turbines. A common

type of impulse turbine includes a variable pitch mechanism for the guide vanes and/or

rotor blades, an example of which can be found in [117]. However, the inclusion of variable

pitch mechanisms inherently requires robust mechanical design and higher associated costs.

Though the operational flow range of the impulse turbine is improved compared to the narrow

range of the Wells turbine, the peak efficiency of the impulse turbine rarely exceeds 50%,

whereas the Wells turbine has been proven to achieve a peak efficiency of approximately

75% under laboratory conditions [95]. Mean conversion efficiencies of the Wells type and

impulse type turbines have been found to be approximately 30% and 47% respectively [117].

However, recently developed ’vented’ OWC devices (as mentioned in Section 1.1.3), which

exploit only the down-stroke of water column motion, have utilised one-way air turbines

with typical efficiencies of 77.5%, resulting in performance equivalent to the bidirectional

devices [118]. This type of device is able to target the inhalation process on the down-

stroke through specially designed flap valves, which open during the up-stroke, allowing for

undamped water column rise, subsequently increasing the magnitude of the down-stroke,

allowing for unidirectional air flow, and integration of traditional air turbines.

1.1.5 OWC Device Integration - Breakwaters

The aforementioned benefits of OWC device integration within maritime structures has re-

sulted in the development of a number of full scale demonstration and commercial device

deployments, covering both fixed and floating structures. While only a few remain currently

operational, the knowledge gained from these cases provided a foundation for the development

of future concepts. Pushes for industries such as aquaculture and offshore wind to expand

operations into deeper waters presents the opportunity for further expansion of the break-

water integrated WECs from traditional fixed structures, which have been adopted in most

full-scale demonstration cases, into floating breakwater concepts. Excluding the stand-alone

floating type OWC devices, which rely predominantly on device motions under incident wave

interaction for energy extraction, few studies have been conducted regarding the integration

of wave energy conversion devices within floating breakwaters, where structure motion is de-

sirably minimal. Mustapa et al. conducted a review on breakwater integrated WEC systems

which highlights OWC devices as the most common WEC technology for integration [119].
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Fixed

Fundamental theoretical and experimental research into the fixed OWC device was conducted

by Maeda [120], detailing the absorption characteristics of generic caisson type device using

linear theory. The first prototype scale concept to utilise this research was constructed

in the Sakata Port, Japan. The prototype employed the design principles of the caisson

breakwater to convert wave energy into electrical power. The caisson was 20 m in width,

and integrated with five cells that operated as OWC devices by providing an air chamber

between the waterline and the devices turbines. The plant was commissioned for operation

in 1989, and became operational at a grid-connection stage from 1991 to 2000, before being

decommissioned. A review of the construction phase of the Sakata Port OWC breakwater

can be found in [121], and preliminary results from the experimental phase of the plant’s

operations have been published [122]. The caisson type breakwater is a common maritime

structure employed in coastal protection engineering, which is comprised of a rigid structure

that can contain a hollow chamber or air pocket dependent upon the design. To utilise this

structure for wave energy extraction, the formation of openings across the entirety of the

structure allowed the propagating wave patterns to interact with the free surface within the

chamber, creating the OWC device.

Following this, further investigations have been conducted into OWC devices implemented

either into, or as the breakwater structure. The planned installation of a OWC device

intended for the head of a breakwater in the mouth of the Douro river is described by Martins

et al. [123]. As an extension of this, Boccotti [124] followed a similar design principle as that

presented for both the Sakata Port and Douro River, where a caisson type breakwater was

modified to create a generic OWC device. Both theoretical [124], and experimental [125]

investigations were performed to validate and expand on the effectiveness and efficiency of

the implemented OWC devices. Most of the devices studied analytically and numerically for

this application are two dimensional, hence limiting the relative capture width to 1 for the

caisson style OWC device [62]. Further works on integrated OWC devices include analytical

and numerical solutions developed for a cylindrical OWC device at the tip of a breakwater

and along a straight coast by Martins-Rivas and Mei in [126, 127] respectively, where it was

found that the performance of these simple units was found to exceed those of the caisson

type and the offshore devices with a relative capture width reaching 2 and greater resulting

from the reflection incurred by the design.

As a result of these analytical, numerical and experimental investigations into integrated

OWC devices, and after the prototype investigation in Sakata Port, full scale pre-commercial

and commercial devices have been planned and/or constructed, the most notable of which is

the OWC power plant located in Mutriku, Basque Country, Spain, as found in Figure 1.6. The
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Mutriku Wave Power Plant was both the world’s first multi-turbine facility to be installed

into a breakwater. A detailed report of the conceptual design, planning and construction

phases of this device can be found in [128]. Severe storms impacted construction of the

power plant resulting in commissioning delays until the summer of 2009; however, another

severe storm hit the structure in January 2009 resulting in substantial structural damage to

a number of the OWC cells. Speculation and conjectures into the specific failure mechanism

of the plant under these severe storms has been published [129], with the plant eventually

commissioned by the Spanish utility Ente Vasco de la Energia (EVE) in July 2011. The

plant consists of 16 air chambers that house 16 individual Wells turbines, each rated at 18.5

kW. With a total capacity of approximately 300 kW, the plant has the potential to power

250 houses, and will reduce carbon emissions by 600 t per annum. While still currently

operational, in July 2016 the plant achieved the milestone of generating over 1 GWh of clean

energy since its inception [128].

Figure 1.6: The Mutriku OWC breakwater in Basque Country, Spain presents one of the current
commerical applications for OWC device integrated fixed-breakwater concepts. Image Credit: [130]

More recently, the development of the technology, known as ’U-OWC’ or ’REWEC3’, led to

the design of a full-scale prototype U-OWC breakwater in 2012, aimed for installation in the

harbour of Civitavecchia, Italy [131, 132]. The progression of the concept investigated the

wave climate conditions at the installation location, and also explored a secondary location in

Pantelleria, Italy. Preliminary results regarding the energy absorption capacity of the devices,

which utilised data obtained from a wave buoy located in close proximity to the location, were

released in 2013 [133], with more recent results by Arena et al. indicating the device absorbed

between 76% - 96% of the available wave energy [134, 135]. Development of mathematical

models to predict and investigate paramaters that impact performance have been produced

[136–138], while a number of additional full-scale projects adopting the REWEC3 concept

have been planned for the harbour of Salerno, Italy and marina of Roccella Jonica, Italy.
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Floating

Floating breakwaters are maritime structures which have the primary operational function

of wave attenuation to provide environmental protection, which is achieved through par-

tial dissipation and reflection of the incident wave, leaving a reduced level of energy to be

transmitted beyond the floating breakwater. Incident wave energy is reflected, and dissi-

pated through eddy generation at the sharp edges of the breakwater, as well as damping and

frictional loss contributions [139]. Unlike fixed breakwaters (excluding potential diffraction

effects), floating breakwaters are unable to completely remove incident wave action. In loca-

tions of deep water, poor foundation or high tidal variation, floating breakwaters are often

preferred over rigid fixed breakwaters as the economic feasibility of fixed breakwaters is sig-

nificantly reduced [140–142]. Floating breakwaters also provide flexibility of configuration as

their design, contingent upon mooring arrangement, allows for relatively simple portability.

The first consideration for a structure floating at the water surface for wave attenuation was

by Joly in 1905 [143], after which little progress was made until necessity fuelled innovation

during World War II, when Great Britain developed two floating structures to aid in safely

progressing men and supplies from the water onshore. Extensive reviews of floating break-

water structures have been conducted, including by Hales [140], who looked to categorise

floating breakwaters into 11 classifications based upon geometric and functional similarities.

McCartney [144] continued the categorisation of floating breakwaters, which was achieved

through distribution into the four general categories of; box, pontoon, mat and tethered

floats. Biesheuvel [145] conducted a performance review of floating breakwaters with varying

mooring configurations using experimental data obtained from literature, and compared this

to fixed breakwater structures, of which the major findings indicated the application of exist-

ing wave transmission theories yields results of good/reasonable agreement to experimentally

obtained data. Most recently Dai et al. [146] conducted a literature review on the recent

research and developments of floating breakwaters, categorising them by shape in the same

vein as McCartney [144].

The development of floating breakwaters has led to a series of differing designs suited for vari-

ous applications [140, 144, 147], including but not limited to the Y-Frame floating breakwater

[148] and its evolution to a cage floating breakwater [149], the spar buoy floating breakwater

[150], the H-type floating breakwater [151], variations of flexible porous type breakwaters

[152–155] and traditional rectangular pontoon type floating breakwaters [156–158], with the

two latter design representing the most extensively researched in the current market. Two

important parameters for consideration in floating breakwater design are wave attenuation

and motion response, where good designs achieve both high wave attenuation and low mo-

tion response [159]. One benefit floating breakwater integration presents is the operational
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range in which the structure can be viably deployed, where unlike the depth limited fixed

breakwaters, the floating breakwater range encompasses the onshore, nearshore and offshore

regions.

Floating breakwater integrated WEC systems can be distinguished as one of two specific

categories, namely; floating wave energy converter modules that can be connected to form

floating breakwater structures, and floating breakwater structures designed to incorporate

wave energy conversion devices. Across both classes of floating breakwater WEC systems,

there has ultimately been no full-scale demonstration cases to-date, with all full-scale float-

ing WECs considering isolated devices providing minimal environmental protection, a few of

which can be found in [95, 160, 161]. The closest example to a breakwater integrated OWC

WEC structure was a prototype tested in 1976, named Kaimei, which was deployed off the

coast of Yura, Tsuruoka City in Japan’s Yamagata Prefecture. The device was a floating

barge of dimensions 80 m × 12 m, weighing 820 tonnes, which housed 13 OWC open bottom

chambers within the hull [162]. The device was designed and deployed by Yoshio Masuda

and represented the first large-scale wave energy converters deployed at sea [163, 164]. The

concept operated more similarly to a floating type OWC device, which relies on structure

motion to harness energy, as opposed to fixed and/or breakwater integrated devices. Subse-

quently, the concept was not to be explored for its environmental protection characteristics.

Due to the technological status of wave energy conversion considered to be in its infancy

at the time of testing, the power production results of the Kaimei testing program were not

considered very successful. Although no full-scale concepts have been created for OWC WEC

integrated floating breakwater structures, a number of studies have been conducted at model

scale.

1.1.6 Model Scale Experimental Testing

Model scale hydrodynamic experimentation is a key component in the development of wave

energy conversion technology, and provides an efficient and relatively inexpensive platform

for both concept validation and progression through Technology Readiness Levels (TRLs).

The TRLs, originally developed at NASA during the 1970’s, and modified for renewable

energy systems by the National Renewable Energy Laboratory (NREL), refer to a set of

best practices and guidelines contributing toward a systematic development plan for wave

energy converter technologies, which is governed by nine distinct levels across the following

five developmental stages [165].

� Stage 1: Concept Validation (TRL 1-3): Encompasses small scale physical model

testing (scale ≈ 25-100) to validate the performance of the concept. Optimisation of

performance is typically explored, and performance in irregular sea states is evaluated.
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Investigations may also explore the mooring and PTO systems to establish a baseline

before survivability is explored.

� Stage 2: Design Validation (TRL 4): Medium scale (scale≈ 1:10-25) physical model

experimentation to address the known unknowns in the design. Generally entails more

extensive performance evaluation in realistic sea states, while investigations into PTO

control strategies and mooring/anchorage systems are expected. Survival loading and

extreme motion behaviour should be explored.

� Stage 3: Systems Validation (TRL 5-6): Large scale (scale ≈ 1:3-10) physical

model testing of a fully operation electricity generating device. Investigation into PTO

design and systems testing conducted prior to full system sea trials, where deployment

and recovery methods and environmental monitoring is considered.

� Stage 4: Device Validation (TRL 7-8): Prototype scale (scale ≈ 1:1-2) testing in

both sheltered and exposed sites to validate power production, power quality, PTO

control strategies and prove the engineering of all systems.

� Stage 5: Economics Validation (TRL 9): Final stage at 1:1 scale investigating

the economic feasibility and evaluating the performance and interaction effect of mul-

tiple units in ’array’. Environmental impact should be explored while also ensuring

compliance of all operations with existing legal requirements.

Adopting this standardised approach to technology development evaluation presents a se-

quential process aimed at reducing the risk associated with concept development as com-

plexity and costs increase. Much focus on the development of OWC devices, both fixed and

floating types, has been conducted to investigate the influence of various design parameters

on the optimisation of conversion efficiency and survivability. While considerable research

has been conducted regarding onshore and nearshore OWC devices, little research has been

conducted into floating breakwater WEC systems. Of the aforementioned categories, the

majority of research conducted regarding floating WEC systems has focused on the class

which considers the whole breakwater structure to act as a WEC device, while very little

has been conducted regarding floating breakwaters integrated with WEC devices, and more

specifically OWC devices.

Fixed Breakwater Integrated

The continued development of breakwater integrated oscillating water column wave energy

converters has seen few experimental investigations regarding the performance characteristics

of the embedded devices, along with studies proposing optimised structural compositions and

16



Chapter 1. Thesis Introduction

configurations. Vyzikas et al. [166] undertook an experimental investigation to compare the

influence of OWC chamber geometry on the performance characteristics of the devices. The

experiments evaluated the ’U-OWC’ device against a generic caisson OWC device, and also

investigated the impact of submerged slope leading to the device inlet. The results concluded

that the U-OWC outperformed the traditional caisson OWC device, however it was found

that the slope was found to benefit the performance of the traditional device. A similar

experiment was conducted by Ashlin et al. [167] which investigated how the bottom profile

of the integrated OWC device impacted the hydrodynamic performance. The investigation

concluded that the OWC device with a circular curved bottom achieved greatest extraction

capacity compared with the others tested. A number of studies have proposed variations

to the traditional caisson type OWC device, and have utilised experiments to examine the

efficiency of the concept [168–170], with most considering an opening at the bottom, close to

the seabed and/or toe of the breakwater.

Caisson type OWC devices have also been subjected to larger scale testing within experi-

mental facilities, as was conducted by Viviano et al. [171]. The investigation considered an

approximately 1:5 - 1:9 scale generalised OWC devices tested in a large wave channel, which

were installed across the entire width of the channel. The devices were subjected to random

waves, and data was recorded to examine the wave reflection and wave loadings on the struc-

ture, in particular the front wall, rear wall and internal ceiling of the OWC devices. Results

of the experiments illustrate the influence of PTO damping on the reflection coefficient of the

structure, where wave reflection was most greatly reduced when the optimum PTO system

for energy extraction was equipped. The results of the wave loadings highlighted similarities

to those previously observed for Jarlan-type breakwaters; however, the results of the ceiling

wave loadings detected spikes in pressure located in the rear corners of the chamber resulting

from jets of water interacting with the surface in higher wave heights, and was highlighted

as an area of design improvement which should be considered.

Ashlin et al. extended the work conducted regarding OWC chamber bottom geometry to

integrate an array of the devices within an offshore detached breakwater [172]. The experi-

mental setup considered five devices arranged side-by-side, centrally located within the rubble

mound style detached breakwater. The investigation considered the independent variables

of wave height, wave steepness and device spacing, which were varied to assess their impact

on the performance of the integrated devices. The results of the experimental investigation

illustrated that the devices observed reduced hydrodynamic performance as wave height and

wave steepness increased. Regarding device spacing, it was found that optimal spacing was a

function of wave length, subsequently for the concept considered during the investigation, the

optimal spacing occurred when the parameter kS=2.27, where k represents the predominant

wave length, and S is the device spacing. Finally, it was observed that a concentration of
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wave energy due to three-dimensional effects in front of the breakwater resulted in higher

energy absorption for an array of devices relative to a single device. Though a number of

breakwater integrated experiments have been conducted, no comparison between an isolated

versus breakwater integrated study has been conducted to isolate the breakwater influence

on energy absorption.

Floating Breakwater Integrated

A number of experimental studies have considered WEC-type floating breakwaters [173–176],

with majority of these concepts adopting pontoon type breakwaters, either pile restrained

or moored. Ning et al. investigated the hydrodynamic performance of a pile-restrained,

pontoon-type floating breakwater using a 1:10 scale model in a wave flume, where it was

established the concept had a conversion efficiency of approximately 24%, while keeping the

wave transmission coefficient below 0.5 [177]. This concept was further expanded to inves-

tigate a two-pontoon system where one structure is stationary while the second is floating.

This investigation yielded results indicating that this proposed configuration was able to

improve the performance of the concept, and expand the effective operational range of the

device [178]. Another example of a WEC-breakwater concept tested at model scale is the

DEXA device, developed and patented by DEXA Wave Energy ApS, which is a wave acti-

vated body type WEC utilising relative movement of different parts for energy production.

This device was explored as a potential solution for environmental protection through an ex-

perimental investigation exploring its wave attenuation characteristics [179, 180]. Similarly,

WEC technologies have been integrated onto, or within, floating breakwaters and experimen-

tally investigated to exploit a synergistic ocean wave energy extraction system, and example

of which is found in [181], which considers multiple OWC devices configured in front of a

floating breakwater.

Considering previous works in which OWC devices have been integrated into floating break-

waters, He et al. [182] investigated a floating rectangular breakwater both with and without

pneumatic chambers integrated through model scale hydrodynamic experimentation to ex-

plore the integration impact on the performance characteristics of the breakwater. The 1:15

scale model was semi-constrained using a catenary mooring within a wave flume and sub-

jected to a series of differing wave periods and operational drafts. The data acquisition

included 6-degree of freedom motions via Qualisys video motion capture system, and pres-

sure data from the chambers, and both reflected and transmitted wave characteristics. The

results of the study indicated that the pneumatic chamber integration had positive effects

on both the motion and wave attenuation capacities of the breakwater, however the energy

extraction performance of the rear pontoon was less efficient due to the reduction in wave

energy of the transmitted wave after dissipation due to the forward chamber. He et al. [159]
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continued with concept development to explore asymmetrically designed pneumatic cham-

bers to improve energy extraction of the devices. The pneumatic chamber alteration led

to a minor increase in the heave response of the breakwater relative to the aforementioned

symmetrically designed device, yet the overall energy extraction performance increased at

shallower drafts with no reduction in wave attenuation performance of the breakwater. A

more comprehensive evaluation of the device performance, with comparisons between the

symmetric and asymmetric models was conducted by He et al. [183]. Though examples of

OWC device integrated floating breakwater concepts are present in current literature, most

studies in the field have only focused on concepts where the breakwater pontoons act as a

single WEC unit, with far less research looking at multi-device integration and the impacts

this may have on energy extraction and breakwater performance.

1.2 The Problem

1.2.1 Problem Definition

Currently, the major obstacle facing the commercialisation of wave energy is the high asso-

ciated costs linked to the technology. The levelised cost of electricity for ocean wave energy

is currently considered uncompetitive with other renewable energy sources such as wind and

solar, which stems from lack of full-scale deployments from which valuable operational data

can be acquired. While providing a rich, dense and predictable resource, the destructive

power of ocean waves has also contributed to the stagnation of full-scale deployment, as

many of those that have tried have fallen victim to statistically unlikely storms, either dur-

ing construction and/or deployment, as well as other points of failure including deployment,

grid connection and mooring failure. Of the two previously mentioned applications for re-

ducing the LCOE of wave energy, breakwater integration yields the most promising, with a

small number of full-scale commercial and demonstration cases currently operational, and

greatest development through the WEC technology readiness levels. While some research

has been conducted regarding the integration of OWC devices within breakwater/harbour

structures, majority focus on caisson type devices, and do not consider the implications of

integration on both the device performance, and the performance characteristics of the break-

water. Further understanding of these interrelated characteristics could provide validation

for the OWC device’s capacity to extract energy efficiently, and similarly, it’s propensity for

integration to create synergistic multi-purpose maritime structures. If the research indicates

that the OWC device integration is beneficial for both device and structure, greater levels of

confidence in the technology should be achieved, which when combined with the previously

established economic benefits of integration, should ultimately increase the competitiveness

of ocean wave energy.
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The estimated future expansion of economic activities related to oceans, seas and coasts,

known as the ’blue economy’, also provides a platform for the rapid development of ocean

wave energy. To continue at the current growth rate of the sector, a number of industries

will be required to expand operations into deeper waters, as regulation and spatial limita-

tions restrict the potential for expansion in coastal and near-shore regions. With industries

moving further offshore, and the economic feasibility of WEC integrated bottom-mounted

breakwaters becomes unachievable, the necessity for development of floating multi-purpose

maritime structures as a means to reduce the high associated costs will become increasingly

important. With very little research conducted into the integration of OWC devices within

floating offshore structures, a significant knowledge gap is identified, subsequently much is

required to determine whether such a concept is feasible; firstly from an operational perspec-

tive, as will be investigated in this research, and then from an economic perspective, which

will not be covered.

This PhD focuses on two main areas of research regarding OWC WECs integrated within

maritime structures; the impact of integration on the performance characteristics of OWC

devices, and the influence of integration on the performance characteristics of a floating

breakwater. Establishing the impact of integration on OWC device performance will provide

an early indication of the operational feasibility of the concept, whereby an improvement

in performance associated with integration would have beneficial ramifications regarding

confidence in the concept, and subsequently result in further development of the concept

through the predefined technology readiness levels. While investigating structure integration

is the fundamental component of the project, the hydrodynamic performance of multiple

device integration is also investigated, as to the authors knowledge, no such investigation has

been conducted for a WEC integrated floating structure.

Following a preliminary study of a fixed, bottom-mounted breakwater, this project utilised

the lessons and knowledge acquired to develop a proof-of-concept for a floating breakwater

integrated with multiple oscillating water column wave energy converters. Establishing the

hydrodynamic performance of such a concept was central to the research project, with in-

vestigations conducted into array interaction, configurational optimisation and realistic sea

state analysis to establish operational feasibility, and establish a foundation of knowledge to

aid future development.

1.2.2 Research Questions

This research project addresses the following research questions:

� What impact, and to what extent, does breakwater integration, both fixed or floating,

have on the hydrodynamic performance of an OWC device?
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� Conversely, what impact does OWC device integration have on the traditional hydro-

dynamic performance parameters of a fixed or floating breakwater?

� When considering multi-device OWC integration within a breakwater, is device-device

interaction observed, and if so, to what extent is it beneficial and/or detrimental?

1.3 Approach

To achieve the objectives and research questions proposed by this research project, a number

of physical model scale hydrodynamic experiments were designed and conducted. While

a number of numerical methods have been derived to evaluate the performance of OWC

devices, the candidate opted to elect physical model scale experimentation as the elementary

method of investigation. As this thesis primarily considers a proof-of-concept investigation,

the lack of understanding regarding the complex hydrodynamics and motions of the model

warranted an experimental campaign which could then be used to validate future numerical

tools if developed and adopted. A finite element method model was however utilised when

possible throughout the experimental investigation for design and validation purposes for

developing the isolated and fixed, bottom-mounted breakwater.

Two independent model scale hydrodynamic experimental investigations were devised to

assist in answering the research questions proposed for this research project. The initial set

of experiments were considered as a baseline study, from which the results acquired could

be employed in the development of a second, more comprehensive set of experiments. With

a focus on the integration of OWC WECs within breakwaters, both fixed and floating, the

details of experimental campaigns conducted are as follows:

1) The preliminary experimental investigation sought to establish the impact of break-

water integration on the performance of an OWC WEC. The candidate was provided

access the Australian Maritime College’s Model Test Basin facility to conduct this ini-

tial experiment. Comparisons between isolated and fixed breakwater integrated OWC

devices were conducted, from which the results were utilised to assess the feasibility of

progressing the concept to incorporate OWC WECs within a floating breakwater. The

study also sought to identify the influence of OWC chamber geometry on power absorp-

tion capacity, which further contributed to the design of the WEC/floating breakwater.

2) The results of the initial experimental campaign culminated in the design and develop-

ment of a floating breakwater integrated with multiple OWC WECs, which aimed to

provide answers to all of the research questions proposed for this research project. The

WEC/floating breakwater model, whose design was governed by the initial experimen-

tal study as well as supplementary numerical studies, sought to explore the potential
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for OWC WEC integration within floating maritime structures. The Model Test Basin

facility was once again employed for the experimental investigation, in which the device

was subjected to a comprehensive set of tests which targeted Stage 1 of the aforemen-

tioned TRLs for concept validation. The tests encompassed both OWC device and

breakwater performance across regular and irregular waves to thoroughly analyse the

impact that OWC device integration has on the performance of the floating breakwater,

and how OWC WECs in multi-device configurations interact and impact hydrodynamic

absorption.

1.3.1 Contributions

The design and execution of all physical model scale experiments discussed within the thesis

was completed by the candidate, with guidance from the supervisory team. Similarly, the

design of the physical scale models was performed by the candidate; however, construction

of the models was outsourced to the technical support staff of the Australian Maritime

College. All other tasks associated with the physical experiments were intently led by the

candidate, with guidance and assistance provided by technical staff when training and/or

safety procedures were required. Majority of the theory and a number of components of the

physical scale configurations were common across the experiments, subsequently, much of the

in-depth methodology adopted for this research is detailed in Chapter 2, with the pertinent

configurational variations related to specific objectives detailed within each relevant chapter.

1.4 Novel Components

This thesis provides significant contribution to the existing knowledge of the OWC WEC,

specifically regarding the application of maritime structure integration. The study con-

tributes the following novel aspects to the ever growing field of OWC WEC development:

1) Physical scale model hydrodynamic experimentation detailing direct comparison be-

tween hydrodynamic performance of a generic bent-duct type OWC device when in-

stalled in isolation, and both fixed and floating breakwater integrated configurations.

2) Identifying the influence of OWC chamber geometrical cross-section on the power ex-

traction efficiency of both isolated and breakwater integrated models.

3) Proof-of-concept investigation by means of physical model scale experiments conducted

in realistic sea state for a free-floating offshore structure integrated with bent duct type

OWC devices.
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4) Identifying the influence of OWC device integration on the relative motions and wave

attenuation characteristics of a generic π-type breakwater.

5) Conducting the first comprehensively published experimental investigation of a floating

breakwater integrated with an array of integrated OWC devices.

6) Identifying the influence that device-device interaction has on the hydrodynamic perfor-

mance of a floating breakwater integrated with multiple OWC devices, in both regular

and irregular sea states.

7) Evaluating how design parameters of the integrated breakwater structure impact the

hydrodynamic performance of the installed OWC devices.

1.5 Thesis Outline

To achieve overall target of evaluating the feasibility of bent duct OWC device integration

within maritime structures from an operational perspective, two comprehensive experimen-

tal investigations were designed and conducted. The chapters of this thesis adhere to the

sequential process followed to investigate and understand the hydrodynamic performance

potential for OWC device integrated multi-use maritime structures. Following Chapter One

which has presented a review of the literature pertaining to current status of ocean renewable

energy and highlights the research questions, approach and novel components of this thesis,

the contents of each chapter are as follows:

Chapter Two presents the theoretical framework applicable across the experimental investi-

gations, detailing the hydrodynamic considerations for the performance of the OWC devices,

as well as the relative theory for floating breakwater performance. A generic experimental

setup is detailed, illustrating the common configuration adopted across the two suites of

experiments.

Chapter Three details the methodology and findings of the initial investigation regarding

the influence of breakwater integration on the performance of a generic bent duct type OWC

device. A comparison between the performance characteristics of two geometrically varying

cross-sections are also examined to establish the impact of this design feature on performance.

The results obtained from the experimental investigation are compared to those derived

from an hydrodynamic finite element model for model validation, and to explore optimal

pneumatic damping characteristics to assess the optimal device performance in each of the

tested configurations.

Contributing Paper (Paper One): Howe D, Nader JR. OWC WEC Integrated within a Breakwater
Versus Isolated: Experimental and Numerical Theoretical Study. International Journal of Marine Energy.
2017;20:165-182
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Chapter Four focuses on the hydrodynamic energy absorption pertaining to the extensive

experimentation into the proof-of-concept investigation of a generic π-type floating breakwa-

ter integrated with multiple OWC devices in regular waves. A number of design parameters

including; breakwater width, OWC configuration, motion constraint and PTO damping are

investigated for their influence on the energy extraction capacity of the installed OWC de-

vices. Key areas of interest and trends are identified regarding multi-device integration and

the impact of device spacing is highlighted to optimise hydrodynamic energy absorption.

Contributing Paper (Paper Two): Howe D, Nader JR, Macfarlane G. Experimental Investigation of
Multiple Oscillating Water Column Wave Energy Converters integrated in a Floating Breakwater: Energy
Extraction Performance. Applied Ocean Research. 2020 (Under Review)

Chapter Five details the secondary component of the proof-of-concept experimental inves-

tigation which explored the impact of OWC device integration on the wave attenuation and

motion characteristics of the π-type floating breakwater. While subjected to regular waves,

the wave attenuation performance with respect to wave transmission and wave reflection, as

well as the relative heave, pitch and surge motions of the multi-purpose structure are com-

pared with and without OWC devices integrated to establish the impact on the breakwaters

primary modes of operation.

Contributing Paper (Paper Three): Howe D, Nader JR, Macfarlane G. Experimental Investigation of
Multiple Oscillating Water Column Wave Energy Converters integrated in a Floating Breakwater: Wave
Attenuation and Motion Characteristics. Applied Ocean Research. 2020 (Under Review)

Chapter Six presents the final component of the proof-of-concept investigation, which ex-

plores the hydrodynamic energy absorption and relative motions of the multi-purpose floating

structure in irregular sea states. A number of varying irregular wave spectra are investigated

to develop a performance matrix for the concept, while comparisons for relative motion with

and without OWC devices integrated is explored. Comparisons are made between non-

dimensional performance parameters in regular and irregular sea states, and the use of linear

superposition of regular wave data for irregular sea state performance prediction is explored.

The feasibility of the concept from a performance perspective is discussed, with the current

progression through the relevant technology readiness levels recognised.

Contributing Paper (Paper Four): Howe D, Nader JR, Macfarlane G. Performance Analysis of a Floating
Breakwater integrated with Multiple Oscillating Water Column Wave Energy Converters in both Regular and
Irregular Seas. Applied Ocean Research. Special Issue: Wave Energy Utilization 2020 (Under Review)

Chapter Seven: Provides a summary of the research completed contributing towards this

thesis and offers the subsequent conclusions developed and suggestions for future works.

Appendices: Appendix A details the conditional variation information for the experiments

discussed in Chapters 4, 5 and 6. Appendix B describes the methodology employed for the

uncertainty analysis conducted. Appendices C–E present other published work completed

by the candidate during the course of the PhD research project (Papers Five–Seven).
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2.1 Theory

2.1.1 General

A thin wall bent duct type OWC device facing the direction of incoming incident wave

propagation is considered. The generic device is surface piercing and operates in a constant

water depth, h. In all cases, unless otherwise specified, the device adopts a rectangular cross-

sectional area, denoted Sc, as governed by the inlet width, W , and inlet height, D, as derived

using Equation 2.1.

Sc = WD (2.1)

The swept path formed by s1, s2, s3 and s4 defines the geometrical construction of the OWC

chamber, along with the thickness, tc, where applicable, as illustrated in Figure 2.1. The

submerged chord length, s1 - s3, governs the natural period of the device. A preliminary

study which utilised an in-house linear hydrodynamic FEM model, described further in Sec-

tion 3.2.3, yielded results to indicate that when the total submerged chord length remained

constant and adhered to a 45◦ constraint (see Figure 2.1), the natural resonance period of

the device remained constant for all variations of the parameters s1 - s3. While no change in

the natural period was observed, the magnitude of absorbed power decreased as the draft, d,

increased.

Figure 2.1: Schematic diagram of generic OWC device illustrating front and side view, and
illustrating theoretical geometric parameters governing design.
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These criteria were chosen such that the volume of air and water at rest inside the OWC

chamber and the depth of inlet centre remain constant during the experimental investigation.

Altering these criteria would change the device inner performance properties (cf. [184]).

The integration of OWC devices within maritime structures introduces additional design

parameters contributing to the performance of the OWC device which are specifically detailed

when relevant throughout this thesis. Generally, unless otherwise specified, the maritime

structures consisted of a flat vertical face, into which the OWC device inlet was integrated

such that the inlet lip was co-located on the same plane as the structure face, as illustrated

in Figure 2.2.

Figure 2.2: Schematic diagram of generic OWC device within a floating maritime structure
illustrating side view.

The explicit dimensions of the models used in each respective experimental investigation are

presented as required in the designated chapters.

2.1.2 Theoretical Hydrodynamic Consideration

Linear water-wave theory with irrotational and inviscid flow is considered, in which small

amplitude waves are assumed. During investigations in which the devices are subjected

to regular waves, a monochromatic incident wave plane of amplitude η0 and frequency ω

propagates in a constant direction toward the device. For irregular wave investigations, a

JONSWAP spectrum defined by a significant wave height, HS , peak frequency, fp and peak

enhancement factor, γ, is considered to propagate directly toward the device.

The interaction of the waves with the device creates a volume flux, Q, inside the chamber.
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Due to the power take-off system, the turbine, a dynamic pressure, pc, is created which

oscillates around the mean atmospheric pressure. In this thesis, a linear relationship between

volume flux and pressure, such is the approximated correlation for the Wells’ turbine, is

considered, governed by Equation 2.2,

pc = δQ (2.2)

where δ is the pneumatic damping coefficient. As opposed to the quadratic relationship

typically utilised through use of orifice plate damping, the linear relationship was employed

such that direct comparison could be made between the experimental results and those

acquired via a linear hydrodynamic FEM model. The relationship is the same as in used in

[48, 185–192]. Further studies have demonstrated that air compressibility within the chamber

can generate a time lag between pc and Q with significant impact on the power absorption

[47, 62, 126, 127, 184, 193]. However, this effect requires large air chamber volumes, as has

been found in previous numerical and experimental investigations with bent duct type OWC

devices of small scale [194] (as found in Appendix D. The air chamber volumes of the OWC

devices utilised throughout this research project were sufficiently small enough for this effect

to be disregarded.

Volume Flux, Q

The volume flux within the OWC chamber can be defined as,

Q =

�

Sc

∂η

∂t
ds =

�

Sc

vsds (2.3)

where vs is the velocity of the free surface within the chamber. Under the assumption that

the free surface will move uniformly, Equation 2.3 can be written as,

Q = vsSc (2.4)

where vs is the mean free surface velocity. Spatial averaging has been utilised where applicable

to reduce the uncertainties associated with the free surface uniformity assumption. The non-

dimensional volume flux, Q′, with respect to the incident wave can be defined as presented

in Equation 2.5.

Q′ =
vsSc
ωη0Sc

(2.5)
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For the purpose of this thesis, the amplitude of the non-dimensional volume flux, AQ′ , was

compared to display the amplification effect of the chamber on incident waves. The amplitude

of the non-dimensional volume flux can therefore be defined as,

AQ′ =
Avs
ωη0

=
ωAη

OWC

ωη0

=
Aη

OWC

η0

(2.6)

where Aη
OWC

is the mean amplitude of free surface oscillation within the chamber, and Avs

is the mean amplitude of free surface velocity.

Mean Hydrodynamic Power Absorption

The instantaneous power absorbed by the OWC device is able to be determined through the

use of Equation 2.7, where the power at a given time, t, is derived as the product of the

dynamic internal chamber pressure and the volume flux of air.

P (t) = pc(t)Q(t) (2.7)

The mean hydrodynamic power absorption, Ph, can be determined using Equation 2.8,

Ph =
1

T

� T

0
pc(t)Q(t)dt (2.8)

where T is the incident wave period. This relationship is utilised as a quantitative tool

in comparing extraction efficiency of the OWC devices utilised during this research under

varying experimental configurations and conditions. The final power output of the device

needs to include losses from the PTO system. These losses are not covered throughout this

study where only the hydrodynamic behaviour of the devices are investigated. By introducing

Equation 2.2 into Equation 2.8, and assuming linear wave theory, the power absorption can

be rewritten as,

Ph =
1

T

� T

0

p2
c

δ
dt =

1

2

A2
p

δ
(2.9)

where Ap represents the amplitude of the dynamic internal chamber pressure as defined in

Equation 2.10.

Ap =
max(pc)−min(pc)

2
(2.10)

Compared to Equation 2.8, Equation 2.9 was considered the primary method of mean hydro-

dynamic power calculation throughout the study when considering regular waves as it yields

lower uncertainties on the results (as seen in Chapter 4).
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The power outputs are non-dimensionalised with respect to the power of the incident wave

interacting directly with the water column. The incident wave power of crest width equivalent

to the device inlet is derived using Equation 2.11,

PI =
1

2
η2

0
ρgCg (2.11)

where ρ is the water density, g is the gravitational acceleration and Cg is the group velocity

which is derived as,

Cg = nC (2.12)

where C is wave celerity, as expressed in Equation 2.13, and n is a constant derived using

the dispersion relationship as presented in Equation 2.14,

C =
gT 2

2π
tanh

(
2πh

λ

)
(2.13)

n =
1

2

[
1 +

4πh
λ

sinh(4πh
λ )

]
(2.14)

where λ represents the incident wave length.

The non-dimensionalisation of mean hydrodynamic power absorption of the device is repre-

sented by the non-dimensional capture width, L̃pc, which relates power absorbed to incident

wave power and is derived as shown in Equation 2.15.

L̃pc =
Ph
PIW

(2.15)

It should be noted that while the non-dimensional capture width, L̃pc, is similar to efficiency,

it is possible to have a value for L̃pc greater than 1 as the devices are able to absorb more

energy than interacts directly across the width of the device.

2.2 General Experimental Configuration

Commonalities are present across both the methodologies and experimental configurations

adopted for the various experimental campaigns undertaken during this research. To avoid

repetition in the proceeding chapters, the shared components, including experimental con-

siderations, facilities and instrumentation, of each experiment are presented in this section,

with the topic specific elements of each investigation covered in the respective chapters.
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2.2.1 Experimental Considerations

Mean hydrodynamic power absorption output of the OWC models has a direct correlation

to the pressure and volume flux of the air in the chamber, and the damping of the turbine.

To compare the results of experimental tests in regular waves, calibrated and phase averaged

(described in Section 2.2.4) data for pressure and volume flux were utilised to determine the

mean hydrodynamic power absorbed for the devices under a given model condition, incident

wave frequency and wave height.

Incident Wave

To establish the available incident wave energy during experimental tests, resistance type

wave probes were installed within the shallow water basin during wave calibration tests

without the experimental models present. These probes were set up in locations correspond-

ing to positions in which the OWC chambers would be situated during experimentation so

that any spatial variability in incident wave power across the basin would not influence the

results obtained.

Volume Flux, Q

Two assumptions were made with regards to the volume flux and amplitude of the non-

dimensional volume flux during the experimental investigations. Firstly, the amplitude of

the free surface within the OWC chamber, ηOWC , as measured by the internal wave probe/s

is considered approximately equal to the mean amplitude of the free surface, proposing that

the free surface oscillates uniformly in the vertical chamber as defined in Equation 2.16.

Aη
OWC

≈ ηOWC (2.16)

Secondly, it was assumed that the free surface velocity was approximately equal to the mean

free surface velocity as shown in Equation 2.17, indicating that the free surface again oscillates

uniformly.

Avs ≈ vs (2.17)

The volume flux, as defined in Equation 2.3, requires the velocity of the free surface, which

was not measured during the experimental investigation. As such, a numerical derivation

was required to provide an approximate value for the mean free surface velocity to be used

when evaluating the volume flux air within the chamber. By acquiring the data for free

surface elevation within the chamber; the numerical velocity derivation was performed by
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phase averaging the elevation data for a time sequence from 0 to T , from this each phase-

averaged elevation point was derived to produce a velocity measurement, through the use of

Equation 2.18,

vs =
ηOWC (2)− ηOWC (1)

t(2)− t(1)
(2.18)

where, ηOWC (1) and ηOWC (2) represent consecutive elevation data points, and t(1) and t(2)

are the corresponding time data points. By evaluating Equation 2.18 for each data point in

the phase averaged elevation vector, the resulting velocity vector of the OWC chambers free

surface across one period is produced, from which the average free surface velocity, vs, can be

determined. The velocity vector can subsequently be multiplied by the cross-sectional area

of the chamber to produce a phase averaged vector with approximate values for Q across the

time interval 0 to T .

It is understood that the assumptions made, along with the numerical derivation of ex-

perimental data can induce non-negligible errors. The assumptions of uniform free surface

elevations and velocities are approximations, and do not truly represent the complexity of

the dynamic system within the OWC chamber. The assumptions were a necessary step in

the process of evaluating the numerical derivation, consequently, the approximate results

produced for volume flux do not provide a realistic representation of the air flow emanating

in and out of the chamber. Elhanafi et al. [195] conducted a comparison between air flow

derived using the aforementioned assumption, and a direct measurement at the PTO. It was

found that for fixed structures where two wave probes were used for spatial averaging, the

difference in the volume flow rate between the two methods was less than 2% for a stationary

structure, however increased to 11% for a floating structure. Elhanafi et al. subsequently

introduced a third wave probe, which reduced the error between the approximation method

and direct measurement to less than 4% for the floating structure. Hence, where applica-

ble, spatial averaging has been utilised to reduce the uncertainty associated with the volume

flux assumption. Notwithstanding, the numerically derived volume flux was solely used in

the calculation of the pneumatic damping coefficient to determine the characteristics of the

porous mesh for PTO simulation.

Damping, δ

The linear damping characteristics of a Wells turbine allows for relatively accurate predic-

tions of the expected power outputs [196]. In order to determine the damping coefficient

for the systems investigated, it was necessary to replicate the linear relationship between

pressure and volume flux. O’Gorman [197] conducted a series of experiments into the use

of various meshes to simulate the linear damping of a Wells turbine, concluding that the
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damping could be replicated through the use of a fabric mesh material, as it was able to

replicate representative pressures and airflows within the OWC device. The mesh utilised

in all experiments conducted is a 100% polyester porous fabric product called Enviro Cloth,

which could be incrementally layered to increase the damping of the system. The Enviro

Cloth mesh can be found installed on one of the tested devices in Figure 2.3.

Figure 2.3: Enviro Cloth Mesh installed on one of the operational OWC chambers investigated
throughout the experimental campaign.

The pneumatic damping coefficient is the gradient of the pressure versus volume flux plot,

an example of which can be found in Figure 2.4. As such, for each condition tested it was

necessary to plot this data for all incident wave frequencies tested, and then produce a linear

fitted equation encompassing all test frequencies to establish the damping coefficient. Each

respective experimental investigation followed this methodology, and the respective results

can be found within the dedicated chapters. Once the linear relationship had been established

across all test frequencies, and the equation for the relationship found, the damping coefficient

is determined and subsequently allows for calculation of the mean hydrodynamic power

absorption of the device under each frequency through use of Equation 2.9.
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Figure 2.4: An example of the frequency independent pressure versus volume flux relationship
derived from experimental data, which indicates the assumed linear relationship for the frequencies
displayed. All frequencies were used in the derivation of the pneumatic damping however, only three
were chosen to be presented for figure clarity. Further evidences can be found in Figure 3.5, Figure

4.6 & Figure 6.1.

2.2.2 Experimental Facility

All physical scale model experimental investigations presented within this thesis were con-

ducted within the Australian Maritime College’s (AMC) Model Test Basin (MTB). The

facility contains a 35 m × 12 m × 1 m shallow water wave basin equipped with 16 individual

piston-type wave paddles capable of producing regular waves, short-crested and long-crested

irregular waves and focus waves. The opposing end of the basin houses a wave damping beach

which serves the purpose of reducing the reflection of waves during experimental testing, and

similarly, dissipates energy from the system between experimental runs. The electronically

operated wavemaker receives inputs for frequency and wave height in regular waves, and spec-

trum parameters of peak period, significant wave height and enhancement factor for irregular

JONSWAP spectra. The wavemakers did not have active absorption capabilities to mitigate

the impact of reflected waves, however, wave reflection was managed via data processing

methods (see Section 2.2.4). Where applicable, all experimental runs were randomised with

respect to frequency, sea state (regular and irregular) and wave height. This is in compliance

with the Design of Experiment (DoE) guidelines as specified by the International Towing

Tank Conference (ITTC) [198, 199].
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Figure 2.5: Australian Maritime College’s Model Test Basin facility

2.2.3 Instrumentation

The experimental investigations carried out during this research project utilised two common

pieces of instrumentation to acquire the desired data. Water surface elevation was key to the

assessment of hydrodynamic performance for the maritime structure integrated WEC devices,

and it was necessary to capture both the water surface elevation internally within the OWC

chamber, and the external wave surface elevation to establish incident wave parameters. To

measure water surface elevation, resistance type wave probes were configured to a multi-

channel wave probe monitor manufactured by HR Wallingford. The wave probes were built

in-house at the Australian Maritime College, and customised to suit configuration specific

deployment, with an example of the probes presented in Figure 2.6. The resistance type wave

probes are installed such that the two vertical wires pierce the water surface. A constant high

frequency alternating voltage is used to excite the wire, inducing a current which allows the

resistance of the water between the parallel rods to be measured. This resistance is linearly

proportional to the immersion depth of the wave probes, subsequently providing an accurate

means of measuring free surface elevation [200], an example of which can be found in Figure

2.7. Reviews of resistance type wave probes can be can be found in [201, 202].
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Figure 2.6: 300 mm resistance type wave probe built in-house at the Australian Maritime College

Each investigation undertaken had differing water surface measurement requirements and

configurations; as such, specifications regarding location and amount of probes utilised in

each experiment are described in the relevant chapter. All experiments were subjected to

wave calibration tests, in which the physical scale model was removed from the basin, and

wave probes were installed in the model location to acquire baseline data sets for the incident

wave at the model location.
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Figure 2.7: An example of the calibration data associated with the 300 mm resistance type wave
probe built in-house at the Australian Maritime College
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Figure 2.8: Pressure sensor utilised during experimentation to acquire the dynamic pressure data
from the OWC chamber

The second piece of instrumentation common across all experiments was a pressure sensor.

To capture the dynamic pressure fluctuating as a result of incident wave interaction, the

experimental apparatus employed Honeywell Controls TruStability board mount pressure

sensors connected to Ocean Controls KTA-284 instrumentation amplifiers, as can be found

pictured in Figure 2.8. Each operational OWC chamber utilised during experiments was

configured with one of these sensors, whilst also generally fitted with a small diffuser that

connected to the sensor to prevent water entering and/or becoming lodged within the pressure

probe tap. Similarly to the wave probes utilised, the differential pressure sensors yield a linear

relationship as illustrated via the calibration data shown in Figure 2.9.
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Figure 2.9: An example of the calibration data associated with the differential pressure sensors
utilised to measure the dynamic pressure within the OWC chamber.

Both aforementioned instruments were sampled at 200 Hz during all experiments, while the

gain, filtering and calibration settings were experiment specific, and are highlighted where

appropriate.

2.2.4 Data Processing

Phase Averaging

The experimental testing of the OWC models provided data for both the wave oscillations of

the incident, phase and OWC wave probes, and data for the OWC pressure probe. This data

was of an oscillatory nature due to the frequency of the regular waveforms interacting with the

probes in the Model Test Basin.The necessity for reliable data to justify the hypotheses of this

experimental research, in culmination with the limitations of time allocated for experimental

investigations established the need to produce a phase averaging program to analyse the

experimental data. The data produced is sinusoidal in nature; hence, the application of

phase averaging vastly improves the accuracy by segmenting the data into separate vectors

comprised of one full period of oscillation. These vectors are then superimposed over one

another across the time range 0 to T , from which one average oscillatory waveform can be

derived to produce a singular averaged data range of the incident wave profile. Fleming et al.

employed this method of data analysis on experiments involving OWC devices previously as

in [77–79]. Firstly, it was necessary to select the region of the raw data that would yield the

most accurate results. This was in the stationary region where the effects of reflection and

diffraction had not yet adversely affected the data and after the transition period where the
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waves first interact with the devices and configurations. Figure 2.10 displays the raw data of

an experimental test where the frequency was set to 0.9 Hz, the target wave height was 0.02

m and a rectangular OWC device was implemented in the breakwater with the mesh damping

applied. The selected data was taken from a region of stationary wave forms as shown. This

provided the most accurate representation of the desired interaction between the incident

waves and the device. It should be noted that the reflection region illustrated in Figure

2.10 was measured during the fixed, bottom-mounted breakwater experiments described in

Chapter 3. Experiments described in Chapters 4, 5 and 6 utilised a floating breakwater

structure which observed far less reflectivity than the fixed breakwater, subsequently the

reflection region was recognised to be of lower magnitude.

Figure 2.10: Raw data selection process with data taken from the fixed breakwater mounted
rectangular OWC device subjected to 20 mm wave heights at 0.9 Hz

The procedure to calibrate the raw experimental data into phase averaged data sufficient

for analysis is concisely outlined as follows, and is justified with the use of the equations

governing the procedure. Firstly the period was divided into a defined number of points, or

repeating cycles as explained in [78], which was 50 for this data analysis, where tr represents

a time point correlating to a data point within the repeating phase-averaged cycle. The first

and last points were calculated separately, before being plotted independently on the graph

to their respective positions on the vector T . This averaged data can now be considered

as the mean data from repeatable runs, hence improving the accuracy of the data without
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having to repeat the experiment numerous times. The resultant pressure plot of the phase

averaging process can be found in Figure 2.11. The raw pressure data obtained from the

stationary region was split into respective wave periods, then superimposed over each other

with the phase-averaged data representing the mean values for amplitudes.
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Figure 2.11: Phase averaged pressure data from the fixed breakwater mounted rectangular OWC
device subjected to 20 mm wave heights at 0.9 Hz

The phase difference was calculated via the use of linear theory where the wave profile is

described as shown in Equation 2.19.

η0 =
H

2
cos(ωt+ φ) (2.19)

Given data sets A and B, φA and φB are the respective phases. In order to find the phase

difference, it is necessary to find φA − φB. The phase difference can therefore be calculated

through the use of the time difference between two data points, those being the respective

maximums and minimums of the data sets (TAmax , TBmax , TAmin , TBmin).

2.2.5 Generic Experimental Setup

The commonalities regarding experimental configuration present across the investigations

conducted throughout this research campaign can be found displayed in Figure 2.12, with

additional details regarding common instrumentation, calibration and methodologies pro-

vided. Experiment specific details will be provided within the relevant chapters.
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Chapter 3

Gravity-based Breakwater Mounted OWC
WEC

3.1 Introduction

The purpose of this experimental research investigation presented in this chapter is to de-

termine two significant distinctions in an OWCs power extraction. Firstly, the effect that

OWC device inlet geometry has on the power output of the device is explored, and secondly,

the effect of implementing an OWC device into a flat-faced breakwater is investigated. The

results of both these experimental studies are compared with respect to the power extraction

capture width. Limits in the research undertaken are noted as follows. The effect of the

breakwater on the wave propagation parameters such as reflection, diffraction and forces is

not examined as the research is specifically devoted to the energy extraction capacities of the

devices both when implemented and isolated. In other words, this research is on the energetic

property of the devices across different conditions rather than on the maritime structure.

The investigation was undertaken as a preliminary or ’baseline’ study which sought to identify

the influence of breakwater integration on the performance of a bent duct type OWC device.

Establishing the impact that breakwater integration has on the energy absorption capacity

of the OWC devices can potentially improve the viability of the concept, as a greater energy

yield improves confidence in the device, while possibly benefiting the economic feasibility

as concept development continues. The results of this study would subsequently contribute

to assessing the suitability of OWC WEC integration within a floating breakwater, as is

considered in the latter chapters of this thesis.
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3.2 Theory

3.2.1 General

Two different cross-sectional shapes are considered as seen in Figure 3.1, one circular shape

of diameter D and one rectangular shape of length W and width D. The swept path formed

by s1, s2, s3 and s4 is kept the same. Furthermore, the cross-sectional area Sc for the two

cases is also preserved,

Sc = π

(
D

2

)2

= DW (3.1)

meaning that

W = π
D

2
(3.2)

Figure 3.1: Schematic diagrams depicting side view of both devices (left), front view of the
rectangular device (middle) and front view of the circular device (right)

These criteria were chosen so that the volume of air and water at rest inside the OWC

chamber, the depth of the opening centre and the opening width remain the same between

the two types of device. In addition to the shape, two different configurations of the devices

were considered. The device is first considered in isolation and secondly integrated into a

breakwater structure represented by a flat vertical wall (cf. Figure 3.2), where the front of

the device extrudes from the breakwater by distance e. The dimensions for the model testing,

which remained fixed throughout the experiments, can be found in Table 3.1.
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Figure 3.2: Schematic diagram of the rectangular breakwater integrated OWC device

Table 3.1: Model scale factor and design governing dimensions

Scale Factor 1:20

Variable Measurement (mm)

D 300

W 236

e 38

s1 260

s2 103

s3 217

s4 318

3.2.2 Theoretical Hydrodynamic Consideration

The assumptions and considerations applicable to this experimental investigation follow those

outlined in Section 2.1.2, specifically with respect to internal volume flux of air passing

through the PTO system, the pneumatic damping applied by the PTO simulant, the dynamic

pressure within the OWC system and the subsequent energy absorption capacity of the OWC

devices.

Non-dimensional capture width, as defined by Equation 2.15, was utilised to compare the

performance of the OWC devices across both the configurational and geometric variations

investigated during this study. The power absorbed by the OWC devices was determined

by evaluating Equation 2.9, which utilised the pressure directly measured during the experi-

ments, and the derived pneumatic damping coefficient of the PTO representative mesh.
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3.2.3 Numerical Model

The results from the experiment is compared to the FEM numerical hydrodynamic model as

previously developed in [47, 48, 184, 203]. Compared to [47], the model was adjusted for the

breakwater configurations in order to take into account the no flow boundary condition

∂φb
∂x

= 0 (3.3)

at any point on the breakwater wall and the reflected velocity potential by modifying the

incident velocity potential to

φinc = −2
ig

ω
η0

cosh k(z + h)

cosh kh
cos(kx) (3.4)

The mesh was generated using ANSYS® [204] meshing tool and exported into Matlab to

apply the FEM model. The domain was discretised by employing tetrahedron elements with

a node at each vertex and at the middle of each edge. Half of the domain was discretised

to take advantage of the symmetry and the element sizes refined around the OWC device

and free surface. The element sizes were taken as invariable throughout the volume of the

domain and adjusted to have minimum of ten elements per wavelength. Figure 3.3 presents

an example of these meshes for each of the different configurations. Typically, a mesh for

the isolated devices comprised of around 65000 elements and 90000 nodes. A lower number

of elements (≈35000) and nodes (≈50000) was needed for the breakwater integrated device

due to the smaller domain.
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(a) Isolated Circular OWC Device (b) Isolated Rectangular OWC Device

(c) Breakwater Mounted Circular OWC Device (d) Breakwater Mounted Rectangular OWC Device

Figure 3.3: Mesh examples for the different configurations

3.3 Experimental Setup

3.3.1 Experimental Considerations

Volume Flux Q

The assumptions made for this experimental investigation regarding volume flux adhere to

those described in Section 2.2.1. Similarly, it is understood that due to the complexity of

the system being examined, the assumptions made will induce non-negligible errors. How-

ever, these assumptions were a necessary step in the process of evaluating the OWC device

performance. When comparing the non-dimensional volume flux between the devices and

configurations, the relationship stated in Equation 2.6 was utilised, where the values for

Aη
OWC

and η0 were taken directly from the amplitudes recorded by the respective wave

probes.

Damping δ

The linear damping of a Wells turbine was replicated through the use of a mesh material,

as it was able to produce representative pressures and airflows within the OWC device. The

mesh can be seen pictured in Figure 3.4.
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Figure 3.4: Circular OWC model with porous fabric mesh damping applied

The volume flux is plotted as a function of pressure in Figure 3.5, showing the typical shape

of the relationship, how all test frequencies superimpose over each other, and where a linear

fitted line would be applied to find the relationship between pressure and volume flux. Once

the linear relationship has been established across all test frequencies and the equation for

the relationship is found, the damping coefficient can be determined, hence allowing for the

calculation of the mean hydrodynamic power absorption of the device under each frequency

when using the relationship for power with respect to pressure and pneumatic damping.

Conducting the analysis into the damping characteristics of the devices yielded a valuable

and interesting conclusion, being that the damping of the system was not dependent upon

frequency. This meant that the damping coefficient could be applied uniformly across all

frequencies when power analyses were conducted. Other studies in which a porous membrane

has been used to simulate PTO systems for WEC devices relate applied damping to the

relative thickness of the membrane [190]. The current study did not vary damping, and

subsequent membrane thickness, as such only a single layer of the porous mesh was utilised.
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Figure 3.5: A pc versus Q plot for the circular OWC device in isolation with the linear fitted
damping coefficient superimposed

3.3.2 Model Test Basin

The experimental model investigation was conducted within the Australian Maritime Col-

lege’s Model Test Basin, the details of which are presented in Section 2.2.2. The model break-

water was positioned symmetrically across the longitudinal axis and was located a distance

of 14 m from the 16 wavemaker paddles. Acrow props were secured between the ceiling of the

facility and the top of the breakwater to provide additional stability to the structure, and aid

in the rigidity when under the influence of the wave propagation. Similarly, an Acrow prop

was used to situate the OWC device in the correct position in both the breakwater mounted

and isolated states. A scaled schematic of the experimental test apparatus can be found in

Figure 3.6. The electronically operated wavemakers received inputs for frequency and wave

height to produce the desired waveforms for testing and would run indefinitely, however each

run was ceased after approximately 90 seconds as this allowed enough time for the necessary

data to be acquired.
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Figure 3.6: Scaled schematic of the test apparatus within the AMC MTB. All units in mm.

3.3.3 Models

The experimental setup for the OWC device study consisted of two separate model configura-

tions; these were the implementation into a breakwater, and in isolation. Each configuration

was subjected to four different conditions respectively, which were the rectangular OWC de-

vice with and without damping, and the circular OWC device with and without damping.

The two models were constructed in-house at the Australian Maritime College, where di-

mensions of the rectangular OWC model were based upon the diameter and cross-sectional

area of the circular model which had previously been constructed. This allowed for direct

comparison of volume flux and power outputs of the separate devices. The models can be

found in Figure 3.7 configured in isolation, and in Figure 3.8 implemented into the model

breakwater.

(a) Circular OWC Device (b) Rectangular OWC Device

Figure 3.7: Geometrically varying OWC devices installed in isolated configuration
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(a) Circular OWC Device

(b) Rectangular OWC Device

Figure 3.8: Geometrically varying OWC devices integrated within the model breakwater

3.3.4 Instrumentation

There were four sensors used during the experimental testing procedure, these were three

wave probes and a pressure probe. The wave probes were configured as an incident and

phase probe located close to the wavemakers and in line with the OWC model respectively,

and finally the third probe was located in the OWC chamber to measure the elevations of

the free surface. The pressure probe was located in the side of the devices and was utilised

when the damping condition was applied. The positioning of the phase and OWC wave

probes were configured to allow for direct comparison between the elevations of the incident

waves and the wave oscillations within the chamber to determine the magnification effect the

chamber had on the waves. Table 3.2 shows the specifications designated for each probe.

Table 3.2: Sensor Properties

Sensor Range Sensitivity Output (VDC)

Incident Wave Probe ± 50 mm 0.2 V DC/mm ± 10

Phase Wave Probe ± 50 mm 0.2 V DC/mm ± 10

OWC Wave Probe ± 120 mm 0.083 V DC/mm ± 10

Pressure Probe ± 400 Pa 25 mVDC/mm ± 10
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3.3.5 Calibration

The probes were calibrated daily, with incident and phase probes to a range of ±50 mm,

allowing for variations in the experimental test facility, and ensuring that the expected 20

mm wave heights were accurately captured. Similarly, the OWC wave probe was calibrated

to ±120 mm in order to capture the magnified oscillatory motion of the free surface within

the chamber resulting from incident wave interaction. The pressure probe was calibrated to

±400 Pa despite the maximum captured pressure being approximately 120 Pa, guaranteeing

that all pressure values were recorded. The sampling rates for probes were allocated at 200

Hz, with the gain set to 2.5, and the low-pass filter value set to 10 kHz for all probes.

3.3.6 Test Regime

Variations in the experimental tests came from the conditions to which the experimental

setup was devised, and the frequency of the oncoming waves. Target wave height and incident

wave frequency ranges were kept constant at 20 mm and 0.5-1.2 Hz respectively across all the

conditional variation during the investigation. The full breakdown of conditional information

for the testing along with the variables can be found in Table 3.3. The data received from

the probes allocated to the test was then processed, analysed and subsequently presented in

Section 3.4 to provide comparisons and recommendations on the potential for each device

to extract power, and the effect of incorporating the devices within a maritime structure on

power extraction.

3.4 Results and Discussion

The aim of the experimental investigation conducted was to firstly compare the effects that

the inlet geometry of the OWC device would have on the production characteristics, such as

the volume flux, damping coefficient and power output. Similarly, the secondary aim looked

to compare the same production characteristics when the device was both implemented in

the breakwater, and in isolation. An OWCs capability as a renewable energy device is

not a function of its peak magnitudes in power output or volume flux, but its capacity to

produce over a spectrum of frequencies. Subsequently the testing performed on the devices

was investigated over a frequency band spanning from 0.5 Hz to 1.2 Hz to provide data of

the devices capability to utilise an array of incident wave conditions. The resulting data

was used to compare the devices production over this range to determine which geometrical

device performed best under a given construction condition so that recommendations could

be provided into the design and implementation of OWC devices.
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Table 3.3: Conditional Testing Information

Set Up Information Target Wave
Height (mm)

Test Frequencies (Hz)

1 No Mesh/Damping: Circular in
Breakwater

20 0.5, 0.55, 0.6, 0.65, 0.7,
0.8, 0.9, 1, 1.2

2 Porous Mesh: Circular in Breakwa-
ter

20 0.5, 0.55, 0.6, 0.65, 0.7,
0.8, 0.9, 1, 1.2

3 No Mesh/Damping: Rectangular in
Breakwater

20 0.5, 0.55, 0.6, 0.65, 0.7,
0.8, 0.9, 1, 1.2

4 Porous Mesh: Rectangular in Break-
water

20 0.5, 0.55, 0.6, 0.65, 0.7,
0.8, 0.9, 1, 1.2

5 No Mesh/Damping: Rectangular
Isolated

20 0.5, 0.55, 0.6, 0.65, 0.7,
0.8, 0.9, 1, 1.2

6 Porous Mesh: Rectangular Isolated 20 0.5, 0.55, 0.6, 0.65, 0.7,
0.8, 0.9, 1, 1.2

7 Porous Mesh: Circular Isolated 20 0.5, 0.55, 0.6, 0.65, 0.7,
0.8, 0.9, 1, 1.2

8 No Mesh/Damping: Circular Iso-
lated

20 0.5, 0.55, 0.6, 0.65, 0.7,
0.8, 0.9, 1, 1.2

3.4.1 Damping

Through the four separate damped cases conducted, it was determined that the pneumatic

damping coefficient was consistent around the value of δ = 17,715 kg
m4s

, which was the mean

average of the four cases, subsequently this value was employed during numerical simulations.

3.4.2 Volume Flux

The results for variations in the amplitude of non-dimensional volume flux between the

respective conditions and models are presented in Figure 3.9 with the plots displaying the

volume flux across the test frequency band for each respective test condition. For this, both

the volume flux and the frequency were non-dimensionalised; hence, the resulting plots shown

as Figure 3.9 depict the non-dimensional volume flux amplitude against kh. From Figure 3.9,

it can be seen that the OWC devices implemented into the breakwater produce larger non-

dimensional volume flux amplitudes when compared to the respective device implemented

in isolation. Subsequently, the breakwater appears to enhance the magnitude to which the

incident wave is amplified within the OWC chamber. This is an interesting result and may

be attributed to the fact that, due to wave reflection from the breakwater, a greater amount

of energy is present in front of the OWC inlet, subsequently allowing the device to attract
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more energy through resonance. As power can be determined with respect to the volume

flux, it can be hypothesised that the results drawn from the volume flux under each condition

would indicate that the power output of the OWC devices would be of larger magnitude when

implemented in a breakwater than when deployed in isolation.
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Figure 3.9: Experimental and numerical non-dimensional volume flux amplitude presented as a
function of kh

Figure 3.9 also depicts that whilst the rectangular OWC device appears to display the highest

peak value for non-dimensional volume flux amplitude at approximately 3.1, the circular

OWC device produces at a greater capacity over the spectrum of test frequencies. This

trend is present in the damped condition when implemented both in isolation, and in the

breakwater. In relation to the power output potential, this would indicate that the circular

OWC device would perform best at producing power over the range of test frequencies hence

would provide the most suitable design as an OWC concept. All the conditions targeted the

same resonance frequency at 0.6 Hz, however during the experiments, a resonance frequency

closer to 0.55 Hz was observed. This is evident in both damping conditions as can be noted
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by the peak magnitudes. The interaction with the breakwater did not appear to effect the

location within the frequency band at which resonance occurred, but did affect the magnitude

of the volume flux in the chamber.

The numerical model results for each condition can be found superimposed over each plot in

Figure 3.9. The numerical simulation conducted for the damped conditions yielded results

that correlated well in the highest test frequencies; however, for the frequencies around res-

onance the experimental results provided varying magnitudes. This contrast in the data is

a result of the limitations regarding the applicability of turbulence and viscous forces in the

numerical model. These effects were therefore not considered during the numerical analysis,

as further research must be done into the viscous force that is present in OWC device technol-

ogy, and is subsequently recommended for future works to provide more conclusive evidence

of the relationship. The experimental investigation was limited around the lower frequencies

due to the capabilities of the wavemakers to produce the incident waves, and although the

correlation between the model and experimental data amongst the higher frequencies was

positive, further investigation is required to determine the differences in the results around

the lower and resonance frequencies. This limitation is addressed in Chapters 4, 5 and 6

where devices were design to resonate at approximately 0.775 Hz.
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3.4.3 Power

The power results were produced using the method explained previously, and were used for

comparative and verification purposes to justify the accuracy of the numerical model against

the experimental data. Similarly, to the volume flux results, Figure 3.10 displays both the

numerical and experimental data to provide a visual representation of the correlation between

the results.
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Figure 3.10: Experimental and numerical non-dimensional capture width presented as a function of
kh

As displayed in Figure 3.10, the numerical model data yielded results for each condition that

correlate well for the isolated cases with the data acquired from the experimental investiga-

tion. Similarly, the numerical model data for the breakwater conditions correlates well in the

higher frequencies as displayed, where the value is within an acceptable error to that of the

experimental data. The discrepancies in the data around resonance could again be related

to the damping characteristics of the system, in culmination with the turbulence and vis-

cous forces that were not modelled. The variation in the magnitude of the non-dimensional
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capture width between the model and experiment is similar to that of the volume flux. A

comparison of the results for the different geometries under the same condition indicated

that the variation in the OWC device geometry does not greatly vary the magnitude of the

capture width; as such, a definitive conclusion to the optimal geometry was not made as the

pair produce similar results.

It should be noted that the capture width and subsequent potential to absorb power presented

in the results are not the optimal magnitude for each device. Although the non-dimensional

capture width approached 0.6 for the isolated and 1.8 for the breakwater conditions re-

spectively, the damping for each device was not optimised in the experimental investigation

meaning the maximum capture width was not provided, therefore in practice under condi-

tions of optimal damping, the devices would have the potential for higher power absorption

capacities.

The comparison between the same devices under different conditions provided results that

showed a significant increase in the capture width of the device when implemented into

the breakwater. This increase in capture width suggests an indicative improvement in the

potential for power absorption of an implemented device. The potential for power extraction

close to shore, however, is less than that in an offshore region, which subsequently indicates

that in practice the OWC device placed in isolation offshore has the possibility to absorb

more energy than an onshore device implemented into a maritime structure. The increase in

the potential power absorption of a device that is implemented into a breakwater or harbour

does imply a capacity to increase the feasibility of the concept, as there is a reduction in

costs associated with installation closer to shore, transportation of the electricity produced

and maintenance of the device.

It is recommended that in order to further improve the results produced for this experimental

investigation conducted on the OWC device implementation a study should be conducted

into determining both the viscous coefficient and the effect it has through means of experi-

mental comparison to a numerical model. This could further aid in the feasibility of OWC

device implementation into a maritime structure and the optimisation of the power extraction

capabilities.

3.4.4 Power Optimisation

A comparison was conducted between the numerical data produced using the experimental

test variables, and numerical data produced using an optimal damping coefficient in or-

der to determine the optimal potential power output of the OWC devices across a range

of wave frequencies. Figures 3.11a and 3.11b display the numerical OWC data using test

condition variables with the optimised data superimposed for the circular and rectangular
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devices respectively. It is illustrated that the power output of all devices could be increased

dramatically around resonance by reducing the damping of the system, whereas, areas away

from resonance would require more damping in order to produce more power than what was

extracted during testing. The point at which the damping would be optimal to produce the

maximum power across all the test frequencies is where the optimal power data is tangential

to the numerical data in the plot.
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Figure 3.11: Numerical OWC power data plotted against optimised damping power data to display
potential power output through varied damping coefficients
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Figure 3.12: Numerical OWC damping data plotted with optimised damping line to display optimal
damping coefficient for OWC devices

Figure 3.12 displays the change in optimal damping coefficient with respect to kh. It can

be observed in this figure that the optimisation line intersects the optimal damping data at

a value of approximately 18000 kg
m4s

, which is comparable to that which was used during
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testing. Figure 3.12 also supports the data displayed in Figure 3.11, which shows that in

order to increase the power output the damping should be decreased around resonance and

contrarily increased outside of the resonance.

3.5 Conclusions

The objective of the presented paper was to establish whether chamber geometry and break-

water integration would have an effect on device performance. Through the use of FEM

numerical hydrodynamic modelling and hydrodynamic experimental investigations, results

were produced for volume flux, pneumatic damping and mean hydrodynamic power ab-

sorption. These results were used as quantitative tools in the analysis, comparisons and

conclusions drawn regarding the design variations. The results regarding device chamber

geometry, and its effect of the extraction efficiency presented results that indicated there

was no discernible variation in the potential for power absorption between the two geomet-

rically differing devices. This led to the conclusion that the chamber geometry of an OWC

device had a negligible effect on performance. Although no optimal design was selected in

regards to the performance characteristics of the device, when considering constructability

and maritime structure integration, the rectangular device presents a more viable design so-

lution. The comparison into the isolated and breakwater integrated devices produced results

that showed a significant increase in the potential power absorption of the integrated device.

The non-dimensional capture width of the integrated device could be seen as more than twice

that of the isolated device at frequencies around resonance, with the non-dimensional capture

width increasing across almost all of the test frequencies in comparison to the isolated device.

In conclusion, it was determined that by integrating a bent duct OWC WEC into a maritime

structure such as a harbour or breakwater, a significant increase could be achieved regarding

the extraction efficiency of the device. This provides evidence that increases the feasibility

of such a concept being developed in the future, however further research into the effects

of viscosity and damping optimisation, along with air compressibility and losses related to

the PTO system should be investigated to provide a more robust analysis of the integration

effect. Similarly, realistic sea states including direction, crest length and irregularity should

be investigated to provide representative analysis of the system performance.
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Energy Extraction Performance

4.1 Introduction

Chapter 3 illustrated the benefits to performance observed following breakwater integration

of OWC devices, with the model scale experiments comparing an identical device both in

isolation and breakwater integrated indicating that the device performed almost twice as

effectively at resonance when integrated within a fixed breakwater. Pushes for industries

such as aquaculture and offshore wind to expand operations into deeper waters presents the

opportunity for further expansion of the breakwater integrated WECs from traditional fixed

structures into floating breakwater concepts. Excluding the stand-alone floating type OWC

devices discussed in Sections 1.1.3 and 1.1.5, which rely predominantly on device motions

under incident wave interaction for energy extraction, few studies have been conducted re-

garding the integration of wave energy conversion devices within floating breakwaters, where

structure motion is desirably minimal.

For the purpose of this proof-of-concept, a pontoon floating breakwater, specifically a Π-type,

was selected as the most suitable structure for WEC integration. The unique shape of the

breakwater aided in the ease of device incorporation within the rigid structure, allowing the

OWC devices to achieve complete encapsulation within the forward pontoon of the breakwa-

ter. The Π-type breakwater was first proposed by Günaydin and Kabdaşli [205], an extension

of work investigating the inverse U-type breakwater [206]. A comparison of the two design

types highlighted the reduction in wave transmission and reflection, and increase in wave

energy dissipation observed by the solid Π-type relative to the U-type [205] in both regular

and irregular waves. These characteristics are preferable for a floating breakwater, as the

performance of a breakwater is often evaluated as a function of its wave attenuation capacity

and motions [159]. As the primary purpose of this concept will be to perform effectively as

a floating breakwater, these characteristics were a governing factor during design selection.

Further analysis into the π-type floating breakwater has resulted in the development of a
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formula to estimate the transmission characteristics of the structure [207, 208], as well as the

evaluation of mooring stiffness on the behavior of the breakwater [209].

The purpose of the research presented in this experimental study is to provide a proof-of-

concept for a floating breakwater integrated with bent duct type OWC devices, and how

various design and incident wave parameters impact the energetic properties of the installed

devices. As this is considered a baseline study, a soft mooring arrangement (see Figure 4.5)

was employed during the experiments to simulate a free floating condition, subsequently

eliminating the influence of mooring arrangement from the results and allowing future inves-

tigations to explore this component of the design. The results of the variational changes are

compared with respect to both the non-dimensional capture width as defined in Section 2.1.2,

and also as an efficiency relative to the incident wave energy interacting with the breakwater.

The scope of the research presented in this chapter is centered solely around the hydrody-

namic performance of the integrated OWC devices under the influence of monochromatic

wave trains. Subsequently, the reflection and transmission properties and structure motions

are covered in Chapter 5 and irregular wave analysis is covered in Chapter 6.

4.2 Theory

4.2.1 General

This research considers bent-duct type OWC devices governed by the dimensions described

in Section 2.1.1, and illustrated in Figure 4.1. The rectangular cross-sectional area was

maintained across all chambers, derived using Equation 2.1.

Maintaining the cross-sectional area and swept path dimensions across all devices ensured

the volumes of air and water within the chambers and the inlet draft were consistent across

devices, subsequently governing the extraction response. Common construction also allowed

the interaction effects observed throughout the experimental investigation to be isolated, as

all devices were expected to perform equivalently.
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Figure 4.1: OWC device schematic detailing theoretical parameters, with model-scale PTO simulant
(thick line) presented at outlet of device (not to scale)

4.2.2 Theoretical Hydrodynamic Consideration

Volume Flux and Damping

In the same vein as Chapter 3, the theoretical hydrodynamic considerations applicable to this

research investigation are outline in Section 2.1.2. The experiments adopts the same PTO

simulant as used in Chapter 3, which observed a linear damping relationship. Subsequently

the volume flux, pneumatic damping, dynamic pressure and energy absorption characteristics

of the integrated OWC devices are evaluated equivalently. As previously, the air chamber

volume of the model OWC devices were selected small enough such that the effects of air

compressibility were not observed during testing. Elhanafi et al. [210] proposes that perfor-

mance estimates based on model scale testing where air compressibility is not modelled can

result in an overestimation of approximately 12% at full scale. While this research considers

a proof-of-concept, and does not extrapolate to predict full scale performance, it is under-

stood that a simple correction can be applied to these estimates to reduce the extrapolated

pneumatic power results accordingly.

Power and Performance

The performance of the individual OWC devices integrated within the floating breakwater

were evaluated in terms of the non-dimensional capture width, as derived in Chapter 2. This

provided a metric illustrating the power absorbed by the device relative to the incident wave

61



Chapter 4. Energy Extraction Performance

power entering the inlet of the OWC device. As the WEC/breakwater model considered

operation of multiple OWC devices, a second performance comparison concentrated on the

mean non-dimensional capture width of the operating OWC devices, denoted as L̃pcm , and

defined in Equation 4.1

L̃pcm =

∑n
i=1 L̃pci
n

(4.1)

where n represents the number of operational devices. Finally, to establish the performance

of the entire multi-device floating structure, the efficiency, ε, of the module was derived using

the relationship presented in Equation 4.2

ε =
Pht
PIL

(4.2)

where L represents the length of the breakwater and the total mean hydrodynamic power

absorbed, Pht , is given by,

Pht =
n∑
i=1

Phi (4.3)

where n again represents the number of operational chambers. This considers the total mean

hydrodynamic power absorbed by the operational devices relative to the incident wave power

interacting across the length of the breakwater.

4.3 Experimental Setup

4.3.1 Experimental Considerations

Volume Flux Q

As with previous experimental investigations conducted using bent duct type OWC devices

(cf. Chapter 3 and [89, 187–189, 194]), two assumptions were made regarding the volume flux.

Firstly, it is understood that the dynamic oscillation within the OWC chamber will induce

different excitation modes of the free surface. In an effort to capture these variations in free

surface elevation, three wave probes were installed within each chamber at varying locations.

The OWC chamber free surface amplitude, (ηOWC ), is considered approximately equal to the

mean amplitude of the free surface as determined via spatial averaging of measured data

from three internal wave probes, hence proposing the free surface oscillates uniformly within

the vertical chamber. Secondly, the free surface velocity is assumed to be approximately

equal to the mean free surface velocity also indicating the free surface moves uniformly. The

equations governing these assumptions can be found in Chapter 2.
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4.3.2 Model Test Basin

The Australian Maritime College’s Model Test Basin was the hydrodynamic experimentation

facility utilised for these experiments, with an operational water depth of 600 mm employed

for this investigation.

The configuration devised for the experiments is illustrated in Figure 4.2. It displays the

locations of the instruments within the basin as well as the MTB dimensions. It should be

noted that the incident wave probe (IWP) and phase wave probe (PWP) were located 300

mm from the starboard side wall. Similarly, the floating breakwater/WEC was positioned

centrally within the basin such that the sides of the breakwater were positioned 3.75 m from

the basin walls.

In Figure 4.2, the structure to the left of the WEC/breakwater device is the damping beach

outfitted in the MTB, while the blue structure to the right of the device represents the 16

piston-type wave paddles that generated the regular waves in this experimental investigation.

Mooring lines are not observed in Figure 4.2 as a soft mooring was utilised during the

experiments.

Incident Wave 

Probe

Reflection Wave 

Probes

Transmission 

Wave Probes

Phase Wave 

Probe

RWP1
RWP2

RWP3
TWP1 TWP2

Figure 4.2: Side view of experimental configuration within AMC MTB, all units in mm (not to scale)

4.3.3 Model

AMC Model 18-17 was constructed in-house at the AMC, predominantly of marine grade

plywood and finished with epoxy coating and paint. The OWC device dimensions can be

found presented in Table 4.1, where the dimensions s1-s4 were determined through the use

of the linear hydrodynamic FEM model detailed in Chapter 3 to ensure resonance would be

observed at approximately 0.775 Hz, whileW andD were selected as these were the maximum

possible dimensions which allowed the OWC chambers to be completely incorporated within

the front pontoon of the floating breakwater. When compared to the devices in Chapter 3,

the resonant frequency was increased from 0.6 Hz to 0.775 Hz to increase data acquisition for

frequencies below resonance. The floating breakwater/WEC device represents a 1:20 scale

model, indicating an intended full-scale module size of 90m long, 36 m wide, 6 m draft and a
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freeboard of 4 m using Froude Similitude for the largest (1800 mm) width variation. Two key

design requirements were the necessity to easily manipulate both the width of the breakwater,

and also the configuration of the operational OWC devices. The first of these requirements

was met through the integration of a sliding mechanism which allowed the bow pontoon to

separate from the stern portion of the breakwater, subsequently increasing the width. To fill

the void left by the pontoon separation, two spacing modules were constructed (300 mm and

600 mm respectively), and integrated into the device. This allowed the displacement of the

floating breakwater to be altered, whilst maintaining the operational draft, and removed any

undesirable phenomena resulting from the subsequent moonpool created.

Table 4.1: OWC device dimensions corresponding to the theoretical diagram presented in Figure 4.1

Variable Dimension (mm)

s1 212

s2 123

s3 120

s4 111

tL 12

W 330

D 160

h 600

The second design requirement was fulfilled by incorporating a recessed area surrounding the

OWC device inlets to which either inlet opening frames or shut-off panels could be configured.

This allowed for simple and repeatable methods to be employed for OWC device configuration

variations, subsequently allowing for a series of different conditions to be compared. For

simplicity, each OWC device configuration variation was given an identification label which

can be found in Table 4.2.
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Figure 4.3: AMC Model 18-17 in top, side and front views with dimension orientations and values,
all model-scale dimensions in mm

Figure 4.3 displays the dimension and orientation definitions prescribed for the OWC WEC

integrated floating breakwater. It should be noted that the width of the device is defined

along the bow-to-stern axis, subsequently corresponding to the longitudinal axis of the AMC

MTB. This notation was selected to ensure the largest dimension of the structure was denoted

as length, which is the transverse measurement of the device. This breakwater dimension

and orientation notation correlates with common breakwater naming convention [140, 144].
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Table 4.2: OWC device configurations with spacing intervals indicated where applicable. Units in
mm.

Device Configuration Visual Representation

Breakwater Only

Single

Double

Close

Intermediate

Far

Double-Double

The floating breakwater structure had overall dimensions of 4500 mm length, 500 mm height

and width which was varied between 1200 mm, 1500 mm and 1800 mm, as illustrated in Figure

4.3. The operational draft of the device was maintained at 300 mm for all experimental tests.

Figure 4.3 also illustrates the dimensions of device, where the OWC chambers had dimensions

of 330 mm × 160 mm, with 100 mm of spacing between each device. It should be noted
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that in Figure 4.3, dimensions that are given a range indicate that they were varied across

different conditions during the experimental investigation. Figure 4.4 illustrates the device

when installed in the AMC MTB at operational water depth.

Figure 4.4: AMC Model 18-17 installed in the AMC MTB in the 1800 mm breakwater width config-
uration

Mooring

During the experimental configuration, the device was moored using two soft mooring as-

semblies configured on opposite sides of the MTB, such that the hanger/weight assembly

which provided the constant force could be utilised from the outside of the basin (see Figure

4.5). Each hanger was outfitted with 6 kg of weight, which provided the necessary constant

force to allow the device to operate. It also helped maintain the device’s position in the

transverse middle of the MTB, and could be easily altered to adjust the device in the event

that it shifted position from centre. The mooring lines were then run through the pulley

system and connected to the model via pre-installed eyelets located at midships and directly

on the waterline. All conditions considered in this chapter had the floating breakwater/WEC

device moored in the basin with a heading angle of 0◦, such that the front of the model ran

perpendicular to the direction of incident wave propagation.
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Figure 4.5: Soft mooring assembly with hanger/weight attached as utilised during experiments to
provide constant force to model

Power Take-off

The desired linear damping relationship of the PTO was simulated through the use of the

porous Enviro-Cloth mesh as discussed in Chapters 2 and 3. The variations in damping were

given an abbreviation for simplification purposes, where LDV is the linear damping value.

The damping values investigated were achieved through layering sheets of the porous mesh,

where additional layers resulted in increased damping applied to the system.

Table 4.3: Pneumatic damping nomenclature and characteristics

Damping Type Damping I.D Damping Coefficient (δ)

[
kg
m4s

]
LDV 1 1145

LDV 2 2382

Linear LDV 3 3450

LDV 4 4672

LDV 5 6410

The damping specifications for each variation can be found in Table 4.3 and Figure 4.6 il-

lustrates an example of the damping characteristics of the mesh for each of the operational

chambers. The conditional damping dataset presented in each subplot of Figure 4.6 is the
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collation of the damping data obtained from all experimental runs conducted for the speci-

fied condition, subsequently indicating that the applied damping is frequency independent.

Comparing Figures 4.6a, 4.6b and 4.6c with respect to δ derived from the linear assumption,

it can be observed there is variation between the obtained values, however these variations

are within approximately ± 5% of the mean value across the chambers. This linearity of the

relationship compares well with the approximated damping relationship typically associated

with the Wells Turbine (cf. Fig. 5 in [211]), indicating the porous fabric mesh presents a

good simulant for modelling the PTO induced damping at model scale.
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Figure 4.6: Conditional damping characteristics with linear assumption of δ for each operational OWC
chamber in the Far configuration with LDV 2 applied

4.3.4 Instrumentation

Water surface elevation was measured using resistance type wave probes configured to a

multi-channel wave probe monitor manufactured by HR Wallingford (cf. Chapter 2). Each

probe configured in the wave basin was 300 mm long, and there were a total of seven wave

probes in the basin consisting of three reflection probes, two transmission probes and one

incident and phase wave probe respectively. The wave probes located in the OWC chambers

were custom-built for AMC Model 18-17 and vary in length dependant upon their position

in the chambers. The OWC chamber probes were made to be transferable between all

chambers, however their positioning within the chamber would vary dependant upon which

chamber(s) was operational. The dynamic pressure inside the OWC chambers was measured

using pressure sensors (one per chamber) incorporated with a small diffuser that prevented

water entering or becoming lodged within the pressure probe tap.

The wave probes were calibrated either daily, or at the change of condition, whichever were

to occur first. Each of the basin situated probe ranges was calibrated to ± 100 mm, whilst

the OWC chamber wave probes were calibrated to ± 130 mm to ensure resonant free surface

elevations were sufficiently captured. The OWC chamber pressure probes were calibrated at

the change of condition to ± 300 Pa with a gain setting of 10 and a low-pass filter value of
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10 Hz to remove any unwanted noise from the signal. All probes discussed in this chapter

were sampled at 200 Hz.

4.3.5 Test Matrix

The experimental investigation into the floating breakwater/WEC device was conducted

across two separate sessions in July/August 2018 and January 2019 respectively. The ex-

perimental test matrix details 41 varying conditions that were investigated from which data

was processed to determine the impact of each conditional change on the performance of the

OWC devices. Table 4.4 lists the parameters that were varied throughout the experimental

testing, with the right hand column presenting the varying conditions. Note that parameters

such as fixing the device, incident wave angle and quadratic damping were not tested for all

OWC device configurations, nor breakwater width variations, hence Table A.1 (see Appendix

A) should be referred to regarding specifics for conditional information.

All experimental runs were randomised with respect to frequency, sea state (regular and

irregular) and wave height (where applicable). This is in compliance with the Design of

Experiment guidelines as specified by the International Towing Tank Committee [198, 199].

Table 4.4: Experimental Parameters

Parameters Details of 1:20 Scale Experiments

Water Depth h = 0.600 m

Regular Waves
H = 0.02 m, 0.03 m, 0.04 m, 0.05 m, 0.06 m
f = 0.5 Hz - 1.2 Hz

Breakwater Length Wb = 1200 mm, 1500 mm, 1800 mm

OWC Device Configurations

One Device: Single
Two Devices: Double
Three Devices: Close, Intermediate, Far
Four Devices: Double-Double

Power Take-off Linear: Fabric Mesh (LDV 1 - LDV 5)

Mooring Arrangement Soft Mooring

Motion Fixed and Floating

4.3.6 Data Processing

The sinusoidal nature of the regular wave experimental data collected during the investiga-

tion allowed the use of a phase-averaging post processing technique, as discussed in Chapter

3. Phase averaging can be utilised to improve the reliability of data, subsequently reducing

experimental uncertainty, without the necessity for repeated runs. Orphin et al. [189] inves-

tigated the experimental uncertainty of an OWC WEC using both phase averaging and 10

wave repeat techniques, from which it was concluded that phase averaging could provide ex-
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perimental uncertainty results comparable with those obtained from the traditional 10 repeat

technique.

4.4 Results and Discussion

4.4.1 Uncertainty Analysis

The true value of a measured physical quantity should include both bias and precision er-

rors [212]. An uncertainty analysis can be conducted in order to estimate the magnitude of

these errors. As outlined in [89], uncertainty in measurement can be subdivided into three

categories: a) standard uncertainty, b) combined uncertainty, and c) expanded uncertainty.

Standard uncertainty is a function of two types of uncertainty; Type A uncertainty, which

is derived from statistical analysis of repeat observations, and Type B uncertainty, which is

evaluated for other considerations such as instrument calibration, quantification of assump-

tions and other such relevant information pertaining to the experiments. The methodology

regarding experimental uncertainty analysis of wave energy converters for this experimental

investigation is as presented in [89], the theory of which can be found in Appendix B. As

such, notation and equations presented follow that proposed by International Towing Tank

Conference guideline 7.5-02-07-03.12 ”Uncertainty Analysis for a Wave Energy Converter”

[213].

U (%)

Figure 4.7: Expanded Uncertainty, U, for directly measured variables to a 95% Confidence Interval,
with the coverage factor, k, varying depending on the number of repeats of each respective experi-
mental run.

Figure 4.7 presents the expanded uncertainty, U, for each of the variables measured directly

via instrumentation during the experimental investigation. The variables measured included

the incident wave elevation, OWC chamber free surface elevation and dynamic pressure.
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For the purpose of investigating the associated uncertainty, we consider the amplitudes of

these quantities, where ηInc is the amplitude of the incident wave, ηOWC is the amplitude

of the free surface elevation within the OWC chamber, and pOWC represents the amplitude

of OWC chamber pressure. As the example provided investigates the uncertainty of the Far

OWC configuration, the subscripts stbd, mid and port refer to the respective operational

chambers. The expanded uncertainty for the instrument measurements were derived for

each incident wave frequency tested, subsequently developing a uncertainty dataset which is

presented using traditional box plots. The box plots conform to generic structure where the

left and right edges are the first and third quartiles, representing the 25th and 75th percentiles

respectively, the central vertical mark indicates the median, and the whiskers extend to the

most extreme data points not considered outliers. Outliers, denoted by ×, are identified as

data points which fall outside the lower and upper bounds governed by Equations 4.4 and

4.5 respectively,

LB = Q1 − (1.5× IQR) (4.4)

UB = Q3 + (1.5× IQR) (4.5)

where Q1 and Q3 are the first and third quartiles, and IQR is the interquartile range.

As Figure 4.7 illustrates, the expanded uncertainty for all measurements acquired falls below

10%; yet, when outliers are dismissed the uncertainty in measured variables falls below 5%.

The largest uncertainty value was derived for the free surface oscillation amplitude in the

starboard OWC chamber, ηOWCstbd
, indicating a value of approximately 8%, which though

relatively large in magnitude, still falls within an acceptable level of experimental uncertainty.

On average, the wave probes yield less measurement uncertainty when compared to the

pressure probes, which is predominantly attributed to the Type A repeatability uncertainty.

Notwithstanding, both instruments present a narrow uncertainty bandwidth of approximately

2% - 4% which provides favourable confidence in the data acquired from the experimental

instruments.
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U (%)

Figure 4.8: Expanded Uncertainty, U, for data reduction equations to 95% Confidence Interval

Figure 4.8 presents the expanded uncertainty of the Data Reduction Equations (DREs) of

interest during the experimental investigation, which were found to be of larger magnitude on

average than that derived for the measured variables. Similarly to Figure 4.7, the applicable

DREs are presented for each operational chamber configured for the analysed condition,

where it is observed that there is relatively minimal variation in the experimental uncertainty

results across chambers.

As Figure 4.8 highlights, one primary source of uncertainty in the experimental investiga-

tion is the pneumatic damping coefficient, δ, as derived from Equation 2.2 in Section 2.1.2.

The uncertainty associated with δ, discussed further in Appendix B.2, subsequently prop-

agates into the evaluation of absorbed hydrodynamic power, P
h,δ

, derived using Equation

2.9, and the non-dimensional capture width following from this derivation of P
h,δ

, denoted

L̃pch,δ . Significant contrast is evident in the levels of uncertainty associated with the direct

method of evaluating Ph as presented in Equation 2.8 compared to when δ is considered,
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where the former has expanded uncertainty medians of approximately 8% compared with

the approximately 17% corresponding to the δ method.

Using the results for non-dimensional capture width presented in Figure 4.8, a bounds of

uncertainty could be applied to the results evaluating the performance of the OWC devices,

as found in Figure 4.9. It should be noted that the uncertainty bounds have been linearly

interpolated between each experimental data point based on the expanded uncertainty of each

experimentally derived value. The results presented in Figure 4.9 provide confidence that the

performance evaluations of the OWC devices henceforth are indicative of the true operation

of the device, with the experimental uncertainty largest at resonance, and decreasing as the

incident wave frequency migrates away from resonance.

Figure 4.9: Mean non-dimensional capture width, L̃pcm , with bounds of expanded experimental un-
certainty to 95% Confidence Interval for the 1800 mm breakwater configured in the Far OWC device
configuration operating in 0.02 m wave heights.
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4.4.2 Preliminary Study - LDV 1 Damping

Breakwater Widths
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(b) Intermediate Device Configura-
tion
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Figure 4.10: Mean non-dimensional capture width for operational OWC devices in designated device
configurations for varying breakwater widths

Evaluation of OWC device performance was determined as the non-dimensional capture

width. The subfigures presented in Figure 4.10 illustrate the mean performance of the oper-

ational chambers across breakwater width variations for three different device configurations

(refer to Table 4.2 for device configuration nomenclature).

From Figure 4.10, it is illustrated that variations to the breakwater width have negligible

impact on the performance of the integrated OWC devices. This trend appears consistent

across the three device configurations that were varied in breakwater width, with fluctuations

in results likely attributed to minor discrepancies in pneumatic damping. The variation in

results for each data set within the Figures 4.10a, 4.10b and 4.10c fall within the bounds

of experimental uncertainty for this experiment. Similarly, Figure 4.10 indicates that the

additional breakwater width has no impact on the overall device performance response (the

reasons for which are discussed in Chapter 5). This signifies that device response remains

primarily a function of submerged chamber geometry.

The results presented in Figure 4.10 indicate that the additional structure provides no distinct

benefit to the performance of the WEC devices integrated. This implies that the breakwater

width is not a necessary consideration in the design of the integrated WECs specifically.

However, breakwater width will likely be considered with regards to the leeside environmental

protection function of the breakwater and the topside infrastructure requirements.

Considering Figures 4.10a, 4.10b and 4.10c sequentially with respect to device configuration,

it can be noted that the spacing between devices has a significant impact on the performance

of the integrated devices. Each configuration in Figure 4.10 included three operational de-

vices, however the Far configuration in Figure 4.10c displays the greatest extraction capacity
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which coincides with the largest device spacing, equivalent to approximately 2.9 device widths

(2.9W ).

Device Performance - Individual
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Figure 4.11: Non-dimensional capture width for each operational OWC chamber with the breakwater
configured at 1800 mm width operating in 0.02 m regular waves

To further investigate the cause of the performance increase resulting from OWC device

spacing presented in Figure 4.10, Figure 4.11 compares the L̃pc of each operational cham-

ber obtained from configurations in which three devices were operating at varying device

spacings. Considering Figure 4.11a which displays the Close OWC configuration equating to

device spacing of 0.3W , it is apparent that the middle chamber is significantly affected as a

result of interaction with the port and starboard chambers, most prominently both at, and

around the resonance frequency of the devices. This result would indicate that the port and

starboard chambers are taking energy from the interior device as their respective capture

widths increase at resonance, subsequently leaving less energy available for extraction by the

middle chamber. This destructive interaction phenomena is further substantiated in Figure

4.11b for the Intermediate OWC device configuration with device spacing of approximately

1.6W , which indicates device interaction is present, however at a reduced magnitude relative

to that presented in Figure 4.11a, as a reduction in the performance of the middle device is

only observable in wave frequencies between 0.7 Hz to 0.8 Hz.

Figure 4.11 also illustrates how device performance is impacted by the reflective structure sur-

rounding the OWC devices. Observing the subplots of Figure 4.11 sequentially, it is evident

that increased device spacing, and subsequent increase in reflective structure surrounding

each operational device results a substantial increase in device performance. This correlates

well with the results presented in Chapter 3, and previous studies regarding breakwater in-

tegrated bent duct type OWC devices which presented results indicating that an increase in

wave reflection can significantly improve the performance of an OWC device [187]. In partic-
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ular, Grennell et al. [187] highlighted the importance of the reflective structure immediately

around the OWC device, demonstrating the significant reduction in performance caused by

lack of reflective structure surrounding the device. A similar phenomena is observed in Figure

4.11a where the outer chambers encroach the reflective surrounding of the middle chamber,

significantly limiting its extraction capacities. As device spacing increases, this becomes less

discernible up to which point the extraction capacities of all operational devices converge to

an equivalent magnitude as found in Figure 4.11c.

As mentioned, Figure 4.11c indicates that the increased device spacing achieved in the Far

configuration (2.9W ) results in negligible interaction effects between devices, with perfor-

mance variations presented between the individual chambers falling within the bounds of

experimental uncertainty. This result would infer that the devices are operating effectively

as isolated devices, however due to the multi-device integration, and the subsequent energy

sink created, the overall performance of the devices significantly improve relative to that of

the single isolated device displayed in Figure 4.12. Overall, these results reiterate the ne-

cessity to consider device spacing during the design stage to ensure efficient hydrodynamic

extraction occurs without destructive interference due to device interactions.

Device Configuration
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Figure 4.12: 1800 mm breakwater width operating in 0.02 m wave height with LDV 1 damping

This device spacing effect is also illustrated in Figure 4.12, which presents the performance

of the Single, Double, Far and Double-Double device configurations, having one, two, three

and four operational devices respectively. As previously, Figure 4.12a displays the L̃pcm of

the operational chambers, while Figure 4.12b displays the efficiency, ε.
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From Figure 4.12a, it can be seen that as the spacing between operational devices increases,

the average performance of the chambers subsequently increases, culminating with the Double

configuration, having device spacing of approximately 4.1W , displaying the greatest perfor-

mance and also largest device spacing. This would indicate that integrated devices are experi-

encing negative interaction effects as device spacings decrease, reducing extraction capacities

and subsequently performing sub-optimally. Significant consideration should therefore be

given to device spacing during the design process of multi-device structures in order to avoid

any of the ill-effects of device interaction as presented.

With reference to multi-device structures, it is illustrated in Figure 4.12a that multi-device

integration results in greater mean chamber performance than that obtained from a solitary

integrated device. Considering the Single device configuration, it can be seen that its res-

onance peak magnitude achieved is approximately 0.9 whilst the mean chamber resonance

magnitude for all other configurations is greater than or equal to approximately 1.2, in-

dicating that device performance can be increased through multi-device integration. This

relationship may be caused by multiple integrated devices creating a larger ’energy sink’ in

which the incident wave energy interacts, subsequently improving the absorption capacities

of all devices.

Considering Figure 4.12b, it is evident that as the number of devices increase, the over-

all extraction efficiency of the breakwater increases. This trend is most prominent at the

resonance frequency of the OWC devices where the largest variation in ε can be observed

between the various configurations, while in both the lower and higher tested frequencies,

the additional chambers have negligible impact on performance. A significant increase is

observed between the Single and Double configurations, whereby introduction of a second

OWC device improves extraction efficiency greater than twofold, further highlighting how

a multi-device configuration can increase the mean performance for integrated devices as a

result of the energy sink created.

Comparing the multi-device configurations at resonance in Figure 4.12b, the Double config-

uration presents an efficiency of approximately 20%, while the Far configuration presents an

efficiency of approximately 30%. This would indicate that the variation in device spacing

between the Double and Far configurations has negligible impact on the hydrodynamic per-

formance of the integrated OWC devices as the subsequent performance improvement can

be directly attributed to the additional chamber. This trend ceases when comparing the

Far configuration to the Double-Double (spacing approximately 1.6W ), as it can be seen

that the additional chamber does not improve the overall efficiency equivalently, indicating

that interaction effects, combined with the reduction in reflective surrounding structure of

the Double-Double compared to the Far configuration negatively impacts the performance

of the operational devices. The results from Figure 4.12 indicate that as the device spacing
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increases to the equivalent of two OWC device inlet widths and greater, the interaction ef-

fects appear to be negligible. However, for configurations with device spacing less than this

threshold, device interactions are apparent. Hence, during the design stage, emphasis should

be placed on the device spacing parameter to ensure optimal device performance, while num-

ber of devices will likely be governed by techno-economic drivers. From a techno-economic

perspective, multi-device structures present a more attractive concept due to shared costs.

Therefore, the evidence to suggest multi-device structures operate more efficiently further

contributes to the feasibility of the concept.

Fixed versus Floating
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Figure 4.13: Mean non-dimensional capture width for fixed versus floating configurations with break-
water width set to 1800 mm operating in 0.02 m regular waves

The impact of breakwater motion on the performance of the integrated devices was investi-

gated for the Single and Far device configurations, the results of which are presented in Figure

4.13a and 4.13b respectively. Comparison was conducted by rigidly fixing the floating break-

water model, via acrow props, to constrain all six degrees of freedom. The fixed condition was

representative of the optimal condition, for both power extraction and wave attenuation (see

Chapter 5), as the negative impacts attributed to device motions were eliminated. Firstly

examining Figure 4.13a, an apparent increase in device performance is observable when the

breakwater is fixed relative to that of its floating counterpart. This trend is evident across

the entire frequency bandwidth tested, with the greatest magnitude of variation occurring

at resonance, where the fixed configuration experiences approximately 50% increase in per-

formance. This would suggest that motion impacts negatively on integrated OWC device

performance when in the floating configuration. The motions have potential to provide posi-
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tive impact on the OWC device performance subsequently providing added resonance to the

system, as is the case for floating-type OWC devices; however, in the present case when out

of synchronisation, the negative impact on performance is observed. The results regarding

structure motion presented in Chapter 5 indicate that the maximum pitch Response Ampli-

tude Operator (RAO) for the 1800 mm width breakwater variation occurs at approximately

0.65 Hz, while the Heave RAO displays substantial motion in frequencies up to approxi-

mately 0.9 Hz. These motion characteristics were obtained with the device constrained using

a soft mooring apparatus, effectively replicating a free floating condition. Hence, the intro-

duction of a realistic mooring arrangement may reduce the magnitude of these motions and

subsequently mitigate the impact they have on OWC device performance.

The results for the fixed versus floating comparison of the Far configuration presented in Fig-

ure 4.13b displays a less discernible performance increase resulting from negation of breakwa-

ter motion. As illustrated, the increase in performance is only apparent above the resonance

frequency, with the remainder of the tested bandwidth indicative of equivalent performance

between the fixed and floating variations. Though the results indicate minimal variation

between fixed and floating for the Far configuration, it is likely that motions are negatively

impacting device performance, which should be explored with optimal pneumatic damping

applied to the devices where performance is amplified.

Taken together, these results suggest there is an association between breakwater motion and

integrated device performance, where elimination of device motion improves device perfor-

mance for the Single configuration, and for most frequencies in the Far configuration. As

suggested, further works should be conducted regarding fixed versus floating comparisons at

optimal device damping where the effects may be more observable. The implications that

these results have on the feasibility of such a concept are with regards to mooring considera-

tions at the design stage. Selecting or designing a mooring system which reduces or constrains

motion in specific degrees of freedom would be beneficial for device performance and sub-

sequently device development. However, the feasibility of such a design from an economic

perspective will likely be a governing factor in the overall design process.

4.4.3 Damping Variations

To explore the potential for hydrodynamic absorption of the operational devices, pneumatic

damping variations were applied to the devices with the aim of establishing optimal damping

characteristics of the concept. Figure 4.14 illustrates the L̃pcm for the operational chambers

in the Far configuration with differing amounts of damping applied (refer to Table 4.3 for

damping nomenclature). From the data presented in Figure 4.14, it is apparent that as the

pneumatic damping value increased, both the magnitude, and effective performance band-
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width (considered as where L̃pcm ≥ 1) increased. Through pneumatic damping variation,

the magnitude of performance of the configuration was effectively doubled at resonance rel-

ative to the LDV 1 damping, and the effective bandwidth extended from 0.75 - 0.825 Hz,

to approximately 0.65 - 0.9 Hz. It should be noted that, although LDV 5 is specified as

the optimal pneumatic damping, it only represents the optimum at resonance. A series of

additional tests conducted solely at the resonance frequency of the device provided results to

indicate that an increase to the next damping increment (approximately 7000 kg
m4s

) reduced

the magnitude of L̃pc, a trend that continued as more damping was applied. The results

presented for LDV 5 damping may however be sub-optimum at frequencies above, and be-

low resonance, as such should not be considered the optimum value for overall OWC device

performance across the frequency bandwidth tested. Further investigation both numerically

and experimentally is recommended in order to comprehensively establish the overall optimal

damping characteristics.
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Figure 4.14: Mean non-dimensional capture width for variation in pneumatic damping with the
floating structure configured to 1800 mm width and Far OWC device configuration

These results suggest that the damping characteristics of a turbine in the full-scale concept

has significant implications on the performance of the device. This parameter should be a key

consideration during the design of such a system, in particular, the chamber geometry should

be optimised to suit the installed turbine, or vice-versa, to ensure the devices are operating

to capacity. This consideration should also take into account the economic viability of a

’custom’ turbine or an ’off the shelf’ turbine and the damping impact they will impart on

the system, as failure to consider these will result in sub-optimal performance.
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4.4.4 LDV 5 - Optimal Damping

Device Configuration
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(a) Mean Chamber Lpc
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Figure 4.15: 1800 mm breakwater width operating in 0.02 m wave height with optimal damping
(LDV 5)

The results presented in Figure 4.15a and 4.15b illustrate the mean non-dimensional capture

width of the operational devices and total efficiency of the OWC device integrated breakwa-

ter structure respectively with optimal damping applied. The trends present in Figure 4.15

provide further evidence to support those presented previously in Figure 4.12, which indicate

that device spacing, and the subsequent reduction in device-device interaction increases the

mean performance of the operational chambers. Similarly, the Double-Double configuration

exhibits equivalent negative interaction effects as that of the Intermediate configuration re-

sulting from the 1.6W spacing both configurations utilise. Finally, the Double configuration

presents the greatest mean device performance, correlating to the largest device spacing.

Figure 4.15 highlights the potential for hydrodynamic absorption of the respective configu-

rations, with Figure 4.15b indicating that the integration of four OWC devices within the

breakwater in the Double-Double configuration correlates to approximately 80% of the avail-

able incident wave energy interacting with the breakwater to be absorbed at resonance. It

is also illustrated that the Far configuration, utilising only three devices, performs equiva-

lently to the four device configuration up to resonance, after which point the benefits of the

additional devices become apparent.

The results would suggest that in order to maximise the amount of hydrodynamic energy

absorbed, a greater number of devices should be integrated, however the almost 20% increase

in performance at resonance with the additional chamber included in the Double-Double
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relative to the three-device Far configuration may not justify its integration, and subsequently

may not be economically viable. A potential solution would be to increase the length of the

breakwater to accommodate four devices with similar device spacing to that of the Far

configuration, however this would again be driven by economic factors.

It is recommended that in order to develop this concept for an OWC WEC integrated float-

ing breakwater, investigation should be conducted into more realistic sea-states and mooring

arrangements. Performance under the influence of irregular waves would further aid in the

feasibility of OWC device integration in floating breakwaters, and provide indicative results

of expected full-scale hydrodynamic absorption, as is explored in Chapter 6. Similarly, design

and integration of realistic mooring arrangements to further explore the impact of motion

constraints on device performance would be beneficial in contributing towards the viabil-

ity of ocean wave energy extraction in deeper waters. Considering the primary role of the

breakwater being environmental protection, the impact of device integration on the wave

attenuation properties, and structure motions should be investigated to establish the bene-

fits/consequences of device integration. Finally, regarding expansion to full-scale, the impact

and potential tuning of air compressibility to optimise device extraction capacity is another

important parameter in the development of this concept and should be the focus of future

investigations.

Wave Height

With optimal damping applied to the system, the influence of wave height on performance

was investigated. Figure 4.16 presents the results of the investigation, in which it can be

seen that there is a distinct correlation between wave height and OWC device performance.

As the incident wave height decreases, an improvement in both magnitude and effective

operation bandwidth is observed for frequencies greater than 0.6 Hz and less than 1.2 Hz, with

frequencies outside this range displaying no discernible impact of wave height on performance.

These findings are consistent with those found by Elhanafi et al. [88] for an offshore stationary

OWC WEC, and similarly for a land-based fixed OWC WEC as presented by Ning et al.

[214], in which capture width reduced as a function of wave height. As proposed by Elhanafi

et al. [215], the reduction in performance could be attributed to the non-linearities associated

with an increase in water sloshing and free surface deformation resulting from larger wave

heights. It should be noted that the variation in wave height had no discernible impact on

the response curve of the devices, indicating that the wave height parameter has no impact

on resonance frequency location within the bandwidth, only the magnitude of performance.
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(a) Mean Non-Dimensional Capture Width, L̃pcm
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Figure 4.16: Mean non-dimensional capture width and mean hydrodynamic power absorbed for wave
height variations with structure configured at 1800 mm width in far OWC device configuration

The results presented in Figure 4.16a indicate that as wave height tripled, the performance in

terms of Lpcm was reduced by a third at resonance. This would suggest that the operational

devices perform better at lower wave heights. However, considering the total hydrodynamic

power absorbed as presented in Figure 4.16b, it is evident that although the device is not

absorbing energy as effectively in higher wave heights, the total power absorbed increased

almost six times at resonance as wave height increased from 0.02 m to 0.06 m. These findings

supports the concepts capability to extract ocean wave energy effectively across a number of

different wave heights. Consistency in site-specific wave height would allow for more accurate

predictions on the performance of the concept, and low wave height conditions will result

in more effective conversion due to reduced non-linearities, however as wave height increases

greater power absorption is observed. As wave height will affect the device performance,

site-specific wave climate analysis should influence the concept at the design stage to ensure

optimal energy extraction.

4.4.5 Technology Readiness Levels

The findings in this research contribute towards the Technical Readiness Level of the OWC

device integrated floating breakwater concept. Regular wave cases were investigated at small

scale to evaluate how physical alterations in the design variables impact device performance.

This correlates to the initial protocols recommended for Stage 1 (TRL 1-3) as reported in

[165], indicating concept validation should begin with small scale model testing of monochro-

matic waves within a suitable wave flume. Future works are to include a mooring arrange-

ment investigation to provide realistic constraints to the system, as well as numerical work
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to investigate parameters including optimum PTO damping, air compressibility and device

geometry.

4.5 Conclusions

The present investigation was designed to establish a proof-of-concept for a floating break-

water integrated with OWC wave energy converters, and explore how parameters including

device configuration, breakwater width, pneumatic damping and structure motion influence

the performance of the integrated devices. The results of this investigation indicate that

device configuration, and more importantly device spacing, play significant roles in the over-

all performance of the structure, as negative device-device interaction was clearly observed

as device spacing decreased. The Double-Double configuration was able to absorb approxi-

mately 80% of the available wave energy interacting with the breakwater when subjected to

LDV 5 damping, however negative device interaction was observable with the device spacing

corresponding to this configuration, as such, consideration regarding device configuration

should be a function of both performance and economic drivers. Similarly, the integration of

multiple devices resulted in improved mean non-dimensional capture width of the operational

chambers relative to that of a single integrated device, indicating that multi-device integra-

tion is beneficial in the energy extraction capacities of the concept. Additionally, pneumatic

damping characteristics and motion constraints were also found to impact the performance

of the integrated devices, and should be carefully considered in the design phase of concept

development. Finally, breakwater width was found to have no discernible impact on device

output, yet this parameters influence on the wave attenuation and motion characteristics of

the breakwater is evaluated in Chapter 5, and should subsequently be considered in the de-

sign phase. The outcomes obtained from the experimental investigation provide a foundation

for future works and development of the concept to continue progression through TRLs.
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Chapter 5

Wave Attenuation and Motion
Characteristics

5.1 Introduction

This chapter continues the investigation of a floating breakwater/WEC structure for appli-

cation in the expanding offshore industry. The concept, detailed in Chapter 4, incorporates

multiple bent-duct type OWC WECs within a generic Π-type floating breakwater. The de-

vice aims to fulfil the environmental protection, energy generation and material/consumable

storage likely required of a multi-purpose floating offshore structure. This chapter reports

on an investigation regarding the way in which multi OWC device integration impacts the

parameters governing floating breakwater performance through model scale hydrodynamic

experimentation. To establish a foundational data set, a soft mooring was applied through-

out the experimental investigation to simulate a free floating condition. Future works will

utilise this foundation to investigate how realistic mooring arrangements can strengthen the

results obtained from this analysis. Variations to OWC device configuration, breakwater

width, pneumatic damping and motion constraints were used to explore the contributions

of each parameter towards overall breakwater performance, with comparisons provided to a

generic non-integrated breakwater. Breakwater performance was evaluated as a function of

the wave attenuation capacity, specifically the transmission and reflection coefficients, and

also structure motions. The scope of the research presented in this chapter focuses exclusively

on breakwater performance both with and without OWC devices integrated while interacting

with regular incident wave trains. The hydrodynamic performance of the integrated OWC

devices in regular waves has been presented in Chapter 4, while the performance of the

concept in irregular waves will be presented in Chapter 6.
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5.2 Theory

5.2.1 General

The research conducted considers a Π-type floating breakwater 4.5 m in length, 1.2–1.8 m

in width, and 0.5 m in height, operating at a draft of 0.3 m as illustrated in Figure 4.3. The

aft and forward pontoons are symmetrical and their design is 300 mm in width, and 200 mm

in height. The floating breakwater is integrated with seven bent duct type oscillating water

column wave energy converters, all of which have identical geometric parameters. Further

information on the geometric characteristics of the OWC devices can be found in Chapter 4.

Figure 5.1: Schematic indicating six degree of motion convention for the OWC Device integrated
floating breakwater

5.2.2 Wave Attenuation

The wave attenuation characteristics of the breakwater are evaluated using the transmission

coefficient, cT , and the reflection coefficient, cR , as derived using Equations (5.1) and (5.2)

respectively;

cT =
ηt
η0

(5.1)

cR =
ηr
η0

(5.2)

where ηt represents the amplitude of the transmitted wave, η0 represents the amplitude of

the incident wave, and ηr represents the amplitude of the reflected wave. The transmission

coefficient can be derived directly through experimental data acquired from the incident and

87



Chapter 5. Wave Attenuation and Motion Characteristics

transmission wave probes configured during testing, while the reflection coefficient utilised

the three-probe least squares method proposed by Mansard and Funke [216] for derivation.

5.2.3 Motion

The second major parameter governing floating breakwater performance is motion. For

the purpose of this experimental investigation, the motion performance are evaluated using

the Response Amplitude Operator (RAO) for the degrees of motion of interest. The RAO

indicates the amplitude of structure motion for a given degree of freedom relative to incident

wave amplitude, as derived in Equation (5.3),

RAO =
Am
η0

(5.3)

where Am is the amplitude of the degree of motion of interest. Figure 5.1 displays the six

degrees of motion convention for the OWC device integrated floating breakwater, where the

incident wave propagates parallel to the x-axis in the negative x direction.

5.3 Experimental Setup and Test Procedures

5.3.1 Model

The geometric properties of the WEC/floating breakwater were presented in Section 4.3.3,

while the scale model floating breakwater configured in the basin is pictured in Figure 5.2.

All the results presented in this chapter are either in model scale or non-dimensional form.

The nominal full-scale dimensions based on the scale factor of 1:20 can be found in Section

4.3.3, however it is possible for other scale factors to be applied.

As was presented in Section 4.3.3, the breakwater width was varied from 1200 mm to 1800

mm in 300 mm increments, which required spacing modules (see Figure 5.2) to fill the void left

after separation. To achieve operational draft, ballast was added inside the hull of the floating

breakwater in the form of metal weights. Mass was added in order to maintain symmetrical

loading, and varied dependent upon the configuration of the OWC devices and the breakwater

width, as the mass of water in the operational chambers, and the additional displacement

required consideration. The device was moored through use of two soft mooring apparatuses

as described in Chapter 4, which employed lump weights to provide the necessary constant

force. Additional model information, in conjunction with facility details are presented in

Chapter 4.
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Figure 5.2: The OWC integrated floating breakwater, AMC Model 18-17, installed in the Australian
Maritime College Model Test Basin

Table 5.1 presents the specifications for the floating breakwater models investigated. The

Far OWC device configuration is displayed to compare the OWC integrated conditions to

the breakwater only conditions, as the additional OWC configurations investigated exhibited

negligible variation to the values derived for the Far OWC device configuration. It is impor-

tant to note that when the OWC devices were closed during the breakwater only conditions,

the chambers were emptied of water prior to testing to ensure undesirable free surface effects

would not impact the data.

Table 5.1: Details of the floating breakwater model investigated during the experimental campaign

Width (mm) Mass Moment of Centre of Pitch Radius of

(kg) Inertia (kg m2) Gravity (mm) Gyration (mm)

1200

Breakwater Only 1033 67.4 -0.2, 0, -59.8 255

Far OWC Device
Configuration

1009 70.4 -8.3, 0, -59.5 264

1500

Breakwater Only 1140 163.4 -13.5, 0, -56.5 379

Far OWC Device
Configuration

1129 169.4 -19.4, 0, -60.8 387

1800

Breakwater Only 1269 356.4 -11.9, 0, -59.8 530

Far OWC Device
Configuration

1286 361.8 -9.2, 0, 60.0 531

Note: The position of the Centre of Gravity is given as Cartesian coordinates (x, y, z), which are
presented relative to the reference point located at the intersection of the transverse and longitudinal
midships at the waterline as is displayed in Figure 5.4. The x-axis is the longitudinal axis running
aft to forward on the device, the y-axis is the transverse axis running starboard to port, and the
z-axis is the vertical axis where up is positive. For all cases investigated, the draft remained constant
at 300 mm.
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5.3.2 Instrumentation

Figure 5.3: Elevation and planar views of experimental test configuration within AMC basin, all units
in mm (not to scale)

To measure the instantaneous free surface elevations of the generated waves at different

locations within the basin, seven resistive type wave probes were configured as illustrated in

the experimental layout in Figure 5.3. The seven basin-situated wave probes included, an

incident and phase wave probe (IWP and PWP respectively), three reflection wave probes

(RWP1 - RWP3) positioned to comply with governing parameters for reflection analysis

as proposed by Mansard and Funke [216], and two transmission wave probes (TWP1 and

TWP2). All transmission and reflection wave probes were positioned along the longitudinal

axis of the basin (6000 mm from side walls) while the incident and phase wave probes were

positioned 300 mm from the side wall of the basin on the starboard side of the device. Details

regarding OWC device instrumentation can be found in Chapter 4. All wave probes were

calibrated daily, synchronised and sampled at 200 Hz.

The six Degree of Freedom (DOF) rigid body motions of the floating breakwater were acquired

through use of an optical motion tracking system (Qualisys). The system utilises eight

cameras paired in each corner of the basin to track five passive markers attached to the

floating breakwater as illustrated in Figure 5.4. The system tracks each of the installed

markers’ motions through a time series with respect to a designated reference point on the

structure. For the purpose of this investigation, the reference point was designated as the

point at which the longitudinal midships, transverse midships and waterline intersect, as

illustrated in Figure 5.4.
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Figure 5.4: Elevation and plan/top view of Qualisys marker location on OWC device integrated
floating breakwater, all units in mm (not to scale)

5.4 Results and Discussion

5.4.1 Motion

The main assessment parameters for the performance of floating breakwaters are motion

and wave attenuation, both of which are explored with respect to the aforementioned test

variables. With applications for this concept targeting multi-use maritime structures in which

topside infrastructure is likely to be applied, reduced device motions would be beneficial

for increasing the viability. Due to the soft mooring arrangement used during experimental

testing, in collaboration with the monochromatic regular wave trains the device was subjected

to, the sway, yaw and roll degrees of motion were not considered to be of interest due to

minuscule magnitudes, while surge was only constrained through the constant force and was

found to subsequently drift. As a soft mooring arrangement was employed, analysis of the

surge motion yielded results providing little benefit to the investigation and, thus, are not

included. Consequently, the motions of focus for this investigation were heave and pitch.

The developers of the Qualisys motion capture system utilised during experimental testing

to capture relative motion of the breakwater claim a sensitivity of ±1 mm and ±0.1◦ [217],

which is considered when evaluating the model performance.
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Natural Frequency

A preliminary investigation was conducted to experimentally evaluate the natural frequency

of each degree of motion (with the exception of sway). A series of decay tests were conducted,

of which an example of the time series data can be found in Figure 5.5. The results of the

decay test analysis for variations in breakwater width can be found in Table 5.2, while the

1800 mm breakwater both with and without OWC devices integrated are found in Table 5.3.

The ’with OWC devices’ condition considers the Far OWC device configuration.

Table 5.2: Natural frequencies, fn, for variations in breakwater width when configured in the
breakwater only condition

Degree of Motion 1200 mm Width 1500 mm Width 1800 mm Width

fn (Hz) fn (Hz) fn (Hz)

Surge 0.01 0.01 0.01

Heave 0.57 0.51 0.36

Roll 0.62 0.55 0.52

Pitch 0.74 0.67 0.66

Yaw 0.04 0.04 0.04

Table 5.3: Natural frequencies, fn, as determined through experimental decay tests with model
configured in the 1800 mm width condition

Degree of Motion Without OWC Devices With OWC Devices

fn (Hz) fn (Hz)

Surge 0.01 0.01

Heave 0.36 0.35

Roll 0.52 0.48

Pitch 0.66 0.64

Yaw 0.04 0.04
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Figure 5.5: Time series data for decay tests conducted on the 1800 mm breakwater

Breakwater Width

Conforming to the sequence in which parameters were investigated for wave attenuation

performance of the breakwater, the first parameter explored for influence on device motion

was breakwater width, the results of which are presented in Figure 5.6 for the breakwater

only condition. These results were developed to provide a baseline response for the floating

breakwater which could be used to provide comparisons relative to the breakwater integrated

cases, as are displayed in Figure 5.7. Comparing Figures 5.6 and 5.7, it can be seen that for

the majority of cases investigated, the integration of the OWC WECs resulted in a decrease

in the relative motion of the breakwater, most prominently around the resonant frequency

of the OWC devices (approximately 0.75 Hz).
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Figure 5.6: Breakwater only configuration operating in 0.02 m wave height
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Figure 5.7: Far OWC device configuration operating in 0.02 m wave height

Investigating the breakwater integrated cases further, Figure 5.7a presents the heave response

of the WEC integrated floating breakwater under varying breakwater widths, from which an

evident trend is displayed indicating that as breakwater width increased the magnitude of

heave decreased, most observable in the lower frequencies. As previously established in Table

5.3, the natural frequency of heave motion for the 1800 mm breakwater was determined as

approximately 0.35 Hz, which correlates well with the results presented in Figure 5.7a, as

it is clear that the heave magnitude continues to rise at the lower end of the test frequency

bandwidth, subliminally indicating that the results presented follow the decreasing response

typically associated post-resonance. As the incident wave frequency exceeded 0.75 Hz, the
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response converged to values having less variation and magnitude, at which point the heave

magnitude is equivalent to approximately 15% of the incident wave amplitude.

Figure 5.7b presents the pitch response results for the breakwater width variations. Simi-

larly to the heave response, a distinct relationship is presented between breakwater width

and pitch response, where it is illustrated that an increase in breakwater width leads to a

desirable reduction of pitch magnitude. This trend is observable across the entire frequency

bandwidth, where the 1800 mm breakwater exhibits up to approximately 60% less pitching

motion compared to the 1200 mm breakwater. Figure 5.7b also illustrates how the pitch

resonance period of the breakwater can be manipulated through breakwater width, where as

illustrated, the resonance values for the 1200 mm and 1500 mm variations are 0.7 Hz and

0.65 Hz respectively. The pitch natural resonance for the 1800 mm variation correlates well

with that determined through decay tests as presented in Table 5.3, which was found to be

approximately 0.64 Hz.

The motion results presented in Figure 5.7 illustrate the importance in considering the break-

water width during the design stages of the concept. With the intention at targeting a wave

climate correlating to the resonance frequency of the OWC devices (0.75 Hz), it is evident that

consideration must be placed on all degrees of motion, as heave variation across breakwater

width at this frequency is negligible, however a significant reduction in pitch can be achieved

through increased width. The increase in width also presents beneficial attributes in terms

of topside area for the incorporation of infrastructure related to the industry application of

this concept. This would however be subject to economic considerations, as the increased

width will incur additional cost. As minimal relative motion is desirable for a multi-purpose

maritime structure such as that considered in this research, all results henceforth will focus

on the 1800 mm breakwater width as it possesses the preferred motion characteristics of the

configurations tested.
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OWC Device Configuration
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Figure 5.8: 1800 mm breakwater width operating in 0.02 m wave height

Figure 5.8 illustrates the results obtained from the investigation regarding the influence of

OWC device integration on breakwater motion. Figure 5.8a presents the 1800 mm breakwa-

ters heave response across the five aforementioned device configuration variations, from which

the benefits of device integration can be observed. Comparing the breakwater only condition

to those in which OWC devices were integrated, a palpable reduction in heave magnitude

can be observed, most substantially in the frequencies around the OWC device resonance. In

the lower and higher frequencies, the influence of OWC device integration is less discernible,

yet it is illustrated that the Double-Double configuration reduces the magnitude of heave

response by greater than 50% at select frequencies relative to the breakwater only condition.

A similar phenomena is presented in Figure 5.8b, which highlights the considerable reduction

in pitch amplitude that is achieved through OWC device integration. At pitch resonance, it

can be seen that the addition of OWC chambers substantially reduces the peakedness of the

response as well as the magnitude, which continues until 0.8 Hz at which point the results

converge and variations are non-discernible.

At select frequencies, it is demonstrated that the magnitude of motion reduction is a function

of the number of chambers installed. It is hypothesised that the relative motion of the

oscillating column of water within the devices introduces a damping to the system which

results in reduction of structure motion. Consequently, as additional chambers are added,

the increased mass of water oscillating results in further damping and a subsequent reduction

of device motion. As this relationship isn’t consistent across all test frequencies, further

investigation is recommended to thoroughly establish the influence device integration, and

subsequent total power extraction on breakwater motion.
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Wave Height
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Figure 5.9: 1800 mm breakwater width with Far OWC device configuration operating in varying wave
heights

Figure 5.9 presents the motion response of the OWC device integrated floating breakwater

in differing incident wave heights. Both Figure 5.9a and 5.9b indicate that for majority of

incident wave frequencies tested, the motion response displays a negligible variation as a

function of wave height. Examining Figure 5.9b, a non-negligible variation can be found at

the pitch resonance of the device, where it can be discerned that the larger wave heights

investigated resulted in an increase in pitch relative motion. This relationship is observable

in the frequencies immediately prior to, and post resonance, after which the results converge

to equivalent relative motion magnitudes for all wave heights. As heave motion resonance

was not captured within the test frequency bandwidth, the same relationship could not

be definitively ascertained from the experimental investigation, however at the lowest test

frequency of 0.5 Hz the relationship can be clearly observed. This is likely the upper bound

of the relationship, considered as the equivalent of 0.7 Hz for the pitch relationship.

The cause of this relationship around the motion resonance is hypothesised to be as a result

of the response to increasing wave steepness. The floating breakwater structure experiences a

rise in motion response due to the increased rate of change of wave amplitude, subsequently in-

creasing the relative motion amplitude. This only occurs at resonance as the motions achieve

maximum displacement or rotation at these frequencies. Consequently, the lag generated in

lower wave heights results in destructive interference which provides a beneficial trait to the

motion response of the breakwater. To further investigate this hypothesis, additional experi-

ments should be carried out across additional wave heights, along with additional frequencies

around resonance to provide a more robust analysis of the phenomena. The inclusion of a
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realistic mooring configuration would also be beneficial in wave height versus motion analysis

in order to establish if the relationship found using the soft mooring is transferable. Finally,

an investigation into the relationship between loading on the bow face of the breakwater and

wave height may provide insight into the relationship observed at resonance in Figure 5.9.

Pneumatic Damping
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Figure 5.10: 1800 mm breakwater width with Far OWC device configuration operating in 0.02 m
wave height

Lastly, the OWC device PTO damping was investigated for impact on the breakwater mo-

tions, the results of which are presented in Figure 5.10. It was varied from LDV 1, as utilised

for all previous results, having a magnitude of 1145 kg
m4s

, through to LDV 5, which had a

value of 6410 kg
m4s

. As illustrated, the damping variations investigated had an inconsequen-

tial impact on the motion characteristics of the breakwater. With respect to Figure 5.10a,

the largest damping, and subsequent largest energy absorption correlates to the lowest rel-

ative heave motion. This relationship of damping to motion is not however apparent for

the remaining variations, as such it is recommended that further investigation focusing on

increased damping characteristics should be explored to establish if any trends emerge. The

results for pitch under the influence of pneumatic damping as presented in Figure 5.10b illus-

trate no distinguishable trends either, with the results for damping variation across frequency

randomly distributed in magnitude, whilst following the same response curve.

5.4.2 Wave Attenuation

The primary operational objective for a floating breakwater is environmental protection

in terms of leeside wave energy reduction. The wave attenuation characteristics of most
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floating breakwaters are measured as a function of the transmitted wave and the reflected

wave, subsequently providing frequency dependant transmission and reflection coefficients

for the structure. As this experimental investigation was considered a proof of concept

for the OWC device integrated floating breakwater design, a scaled mooring arrangement

was not examined. As such, the results presented regarding wave attenuation performance

provide baseline values to which improvements are expected to be made as continual concept

development is achieved through future works. For each of the investigated parameters,

the transmission and reflection coefficients have been derived for each of the incident wave

frequencies to establish the influence of the tested parameters on the relationship between

wave period and wave attenuation. As presented in Chapter 4, the experimental uncertainty

associated with incident wave elevation during the experiments was approximately ±1%,

which is considered during the analysis of the transmitted and reflected wave. The results

regarding transmission coefficients for the floating breakwater, both with and without OWC

devices integrated, produced one unexpected outcome which was values for cT greater than

1 for a limited number of incident wave frequencies. This occurs across all configurations

in which the concept was tested in the free floating condition, but not when the breakwater

was fixed. Potential sources of this phenomena are described in Section 5.4.2, such that

evaluation of the results thereafter can forgo discussion of the cT ≥ 1 values and focus on

the relationships between the test variables and the transmission coefficient.

Fixed versus Floating

Figure 5.11 compares the 1800 mm width breakwater arranged in the Far OWC device

configuration for both fixed and floating motion conditions. This comparison isolates the

amount of energy that is transferred into motions, and the subsequent influence this transfer

has on the wave attenuation characteristics of the concept. The transmission characteristics

are presented in Figure 5.11a, where it can be observed the fixed case displays significant

wave attenuation improvement relative to the floating configuration. The fixed configuration

observes a similar general trend to that of the floating condition, in that values for cT are

relatively low for wave frequencies either side of the peak value observed around 0.7 Hz, with

the magnitude of the values obtained being the major difference between the two cases. These

results indicate that much of the incident wave energy is transferred into breakwater motion

when in the floating configuration, subsequently reducing the wave attenuation capacity of the

structure. The fixed configuration also observed a significant increase in energy extraction

from the OWC devices (see Chapter 4), which likely contributed to the reduction in cT

observed. The incorporation of a realistic mooring arrangement at model scale to provide

greater constraint to the motion of the floating breakwater is expected to significantly impact

the results presented, as it is clear the floating breakwater motion allows for significant wave
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attenuation, most prominently in the low frequencies where the wavelength exceeds the width

of the breakwater.
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Figure 5.11: 1800 mm breakwater width with Far OWC device configuration operating in 0.02 m
wave height with LDV 1 damping

As presented in Figure 5.11b, a distinct but marginal difference in cR is observable between

the two conditions. It can be seen that the floating breakwater configuration is favourable in

almost all incident wave frequencies tested. The general response curve of the two conditions

varies little; however, the magnitude of response is evidently reduced through configuration

in the floating condition, where a reduction in cR of up to approximately 50% is observable

in the lower frequencies. It is surmised from this result that a significant proportion of the

incident wave energy is transferred into device motion while in the floating condition, which

curtails the amount of energy available for transferral into the reflected wave.

A considerable inflection in the response curve is observable around 0.725/0.75 Hz for both

cases, after which a reduction in reflection is observed until 0.8 Hz (see Figure 5.11b). This

bandwidth correlated with the region in which the greatest energy extraction was observed

by the integrated OWC devices, as found in Chapter 4. The reduction in reflectivity suggests

that the integrated devices absorbed a portion of the incident wave energy which would gen-

erally have been be transferred into the reflected wave with a traditional floating breakwater,

subsequently improving the performance of the floating breakwater through OWC device

integration.

The fixed configuration displayed a greater reduction in reflection at resonance, correlating

with the superior energy absorption characteristics identified for the fixed structure relative

to the floating configuration (see Chapter 4). This result compares well with previously inves-

tigated reflection/absorption characteristics as in Chapter 3 and [187], where the increased
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reflective structure surrounding the OWC device, and subsequent increase in cR, results in

improved performance. Though these results were expected, they present conclusive evidence

of the energy transferral into structure motion for the floating breakwater and presents the

benefits of the floating configuration regarding wave reflection, though it was found in Chap-

ter 4 that the increase in reflection is beneficial for OWC device performance. As the two

variables are interrelated, it is evident that further research is required to establish a propor-

tionate compromise between the two in order that both energy absorption and wave reflection

achieve desired performance characteristics.

High cT Value Discussion

The following discussion aims to provide insight into potential sources related to the larger

than expected values for cT obtained during the experimental testing, as observed in Figure

5.11. Small scale experimental testing provides an efficient way to acquire performance

data across a series of differing sea states and model conditions. It is however subject to

laboratory effects, and the subsequent facility bias attributed to physical characteristics and

wave generation capabilities of the wave basin. One physical characteristic with the potential

to give rise to undesirable laboratory effects is the size of the experimental model relative

to the wave tank, which can consequently introduce wave reflection, blockage, radiation and

diffraction effects into the acquired data [218, 219].

The diffraction of incident waves around the breakwater was an expected and uncontrollable

phenomena present during the experimental testing of the OWC device integrated floating

breakwater. Similarly to the reflection of the radiated wave, the diffracted wave likely in-

terfered with the transmitted wave measurement, also increasing the measured value. As

diffraction is a function of wave period, the magnitude of diffraction influence on the trans-

mitted wave varied across the test frequency bandwidth. Diffraction diagrams similar to

that presented in Figure 5.12 provide approximate diffraction coefficients, k′, relating the

diffracted wave height to the incident wave height, as presented by Wiegel [220]. Figure 5.12

illustrates a diffraction diagram [221] indicating the location of the transmission wave probe

during the experiments. This would suggest that the diffraction coefficient for this particular

investigation is approximately k′=0.29; however, this value was not considered accurate due

to the constraints associated with the diffraction diagram obtained. As can be observed,

the transmission probe is located considerably aft of the breakwater, and visual observation

indicated that a much greater sheltering effect closer to the breakwater. Considering real

application, it is likely that a number of these modular units would be configured in ’rows’,

with relatively minor gap between devices, as such, diffracted waves would likely only be of

concern in areas near the outermost modules on the end of each of the rows. Validation of

this hypothesis would certainly warrant further research.
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Figure 5.12: A diffraction diagram of wave attack angle 90◦ as presented in [221] superimposed over
the OWC device integrated floating breakwater. The ’×’ indicates the location of the transmission
wave probe having polar coordinates of (1.21,48.01◦). The case presented in this figure is with respect
to an incident wave frequency of 0.7 Hz.

To the authors knowledge, there is little information available on the diffraction character-

istics of detached floating breakwaters, consequently the diffraction diagram presented in

Figure 5.12 is applicable to semi-infinite rigid breakwaters whose depth extends to the sea-

floor. This indicates the inapplicability of correction using the k′ value obtained. Much

research has been conducted into the diffraction characteristics of this type of breakwater

structure, along with diffraction patterns through the gap of two rigid breakwaters, yet little

research has been conducted regarding diffraction behind detached breakwaters, and even

more specifically detached floating breakwaters. It is hypothesised that the impact of diffrac-

tion affected the results obtained for the transmitted wave; however, further research into

the phenomena is required to justifiably prove to what degree diffraction influenced the re-

sults. Numerical modelling could provide a preliminary synopsis of the diffraction patterns

behind the detached floating breakwater, which will be the first step towards identifying the

complex wave interaction occurring behind the model. Validation through additional model

scale basin testing is recommended for future works to support the hypothesis and results

acquired via numerical modelling.

The concept of blockage is relatively well understood for both wind tunnel and towing-tank

experiments. The correction factors derived for wind tunnel experiments are not applicable

to the current experiment, while towing tank related blockage typically focuses on velocity

corrections for towed vessels. Subsequently, given the uncertainty associated with applying
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blockage correction to the current model, the results were left uncorrected, and the effect of

blockage on transmitted wave heights of stationary floating structures is recommended for

future works. The blockage parameter for the experimental model was 0.188, derived through

the use of Equation 5.4,

m =
Ax
A

(5.4)

where m represents the blockage parameter, Ax represents the area of maximum submerged

transverse section of the model and A represents the cross sectional area of the basin.

The physical size of the model relative to the basin also likely contributed toward the high

cT values with respect to the radiated wave influence, as described by Chakrabarti [219].

The soft mooring applied provided constant force to the model during the experimental

investigation, hence, the relative motions of the floating breakwater were greater than what

would be expected if a more realistic model scale mooring arrangement had been applied

(for example, multiple catenary mooring lines off each of the four corners to the sea floor).

The constraint applied to motion in the fixed case, as illustrated in Figure 5.11, significantly

reduced the transmission coefficient of the breakwater for majority of test frequencies, thus it

is anticipated that improved constraint to motion by way of a realistic mooring arrangement

would contribute towards a reduction in the magnitude of cT for the floating breakwater.

The under-constrained relative motion of the breakwater, particularly heave, as a repercus-

sion of the soft mooring is predicted to have consequently increased the magnitude of the

radiated wave from the model, which accentuates the values obtained for cT . Numerical

and experimental investigations regarding interference from radiated waves reflected from

tanks walls have been conducted [222–224], identifying that reflected radiated waves can

influence the hydrodynamic properties, particularly added mass coefficients, of the model,

subsequently impacting wave radiation. While the degree of the interference from the tank

walls is unclear, it is hypothesised that this phenomena contributed to the obtained results.

The time series presented in Figure 5.13 illustrate the magnitude of heave and pitch con-

tributing towards wave radiation at the 0.7 Hz, coinciding with the largest cT value for the

1800 mm breakwater. Figure 5.13 also illustrates the surge motion of the OWC device in-

tegrated floating breakwater indicating the displacement of the structure in the direction of

the transmission wave probe during the experimental test. This becomes an issue due to

both the proximity of the port and starboard edges of the breakwater to the side walls of the

basin, and the floating breakwaters gradual trajectory towards the transmission wave probe.

The reflection of the radiated wave off the side walls of the basin is likely to have resulted

in interference with the recorded measurements, subsequently increasing the measured value

of the transmitted wave. The magnitude to which the results were affected by the radiated
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wave was not established during testing, and additional experiments are required to establish

the contribution of radiated wave reflection on the amplitude of the transmitted wave.
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Figure 5.13: Time series of the surge motion (top), and heave and pitch motion (bottom) when
subjected to incident waves of 20 mm wave height and 0.9 Hz

The unexpected values obtained where cT was derived to be greater than one around 0.7

Hz was found consistently throughout the experimental campaign when breakwater was

configured in the floating arrangement. Considering the wavelength and the results obtained

from the fixed case (see Figure 5.11a), it is hypothesised that the major cause of the effect

observed is strong diffraction around the device. In culmination with the strong diffraction,

it is suspected that the results were also influenced, and accentuated, due to the radiated

waves developed from the heave motion of the breakwater and the subsequent blockage

induced by the physical size of the model relative to the basin. Though it is unclear whether

the basin walls contributed toward the results, previous investigations indicate that reflected

radiated waves can influence the hydrodynamic coefficients of the floating structure which

is likely to impact the wave transmission. As a soft mooring arrangement was employed

during the experimental investigation, it is expected that introduction of a realistic mooring

arrangement with greater motion constraints would significantly reduce the values obtained

for transmission, and minimise the discrepancy between the floating and fixed results. The

width of the device is a major factor in the design of a floating breakwater structure, and

may be a function of multiple units in a row; hence, it should be considered strongly when

establishing the protective frequency criteria of the concept. During wave calibration tests

without the model present, a comparison of the raw time series data against those with the

model present indicate that the presence of the floating breakwater also contributed towards

the high cT values, as illustrated in Figure 5.14. The combination of these sources resulted

in the values for transmission coefficient to illogically exceed the value of 1; nonetheless,

a series of additional experimental tests and recommendations for future work have been
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identified to continue with the development of the WEC integrated floating breakwater.

These experiments may be conducted in an appropriate wave flume to negate the influence

of undesired effects impacting the data.
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Figure 5.14: Time series comparison of the transmission wave probe amplitudes when subjected to
incident waves of 20 mm wave height and 0.9 Hz

Breakwater Width

The results presented in Figure 5.15 illustrate the impact that breakwater width has on

the performance parameters of transmission coefficient, cT , and reflection coefficient, cR

(displayed in Figures 5.15a and 5.15b respectively). Considering firstly the narrowest (1200

mm) breakwater width variation, it is clear that the the response varies significantly from

that of the 1500 mm and 1800 mm structures. The wave transmission characteristics of

the 1200 mm case corresponds with the expected cT of the π-type floating breakwater as

derived using the equation proposed by Ruol et al. [207, 208], an extension of the equation

established by Macagno [225] for transmission coefficients of box-type breakwaters. The

theoretical relationship derived by Ruol et al. observes a crest and trough in the response

curve when considered with respect to frequency, similarly to that observed in the 1200 mm

case. It should be noted that the relationship derived by Ruol et al. considers a chain-

moored π-type floating breakwater, consequently the results obtained from the experiments

are not directly comparable; however, the general response curve of the structure is. Width

is a governing factor of this relationship, subsequently explaining why the crest/trough isn’t

observed in the two remaining width variations tested, as an increase in breakwater width
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results in a response shift into the lower frequencies, hence Figure 5.15a solely identifies the

crest of the relationship for the 1500 mm and 1800 mm cases.
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Figure 5.15: Far OWC device configuration with breakwater in floating condition operating in 0.02
m wave height with LDV 1 damping

Comparing the three width variations, it is illustrated that in the lower frequencies (≤0.75

Hz) the 1200 mm breakwater generally provides the greatest wave attenuation properties, but

at higher frequencies the 1800 mm displays significantly better wave attenuation properties

than the two alternative structures. As with any floating structure, a number of considera-

tions are required at the design stage, focused around the site specific conditions in which the

structure will be operating. Considering the application of this type of concept, the reduced

wave transmission of the 1200 mm may be desirable; however, the motion characteristics of

the breakwater presented in Figure 5.7, in which the 1200 mm breakwater observes signifi-

cantly greater relative motion in both heave and pitch, the 1800 mm variation may be more

applicable. This compromise is likely to be addressed through tuning of the design so that

both performance parameters are optimised for the site-specific sea states.

Evaluating the influence of breakwater width on cR as Figure 5.15b demonstrates, it is ev-

ident that as the frequency increases up to 0.8 Hz, the 1800 mm breakwater width has

favourable reflectivity characteristics compared with the 1200 mm and 1500 mm within the

same bandwidth. Above 0.8 Hz, there is little difference between the reflectivity character-

istics of the 1200 mm and 1500 mm variations; however, the 1800 mm exhibits increased

reflectivity as wave length decreases and falls below the width dimension of the breakwater.

These results indicate that the majority of variation is within the magnitude of ± 5%, with

a maximum of ± 15%; however, while there is some variability, no definitive relationship

was established between device width and cR over the entire test frequency bandwidth. The
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observable variations are likely attributed to the variation in device motion, as discussed in

Section 5.4.1.

As with the previous results presented for cR, the inflection attributed to the OWC device

energy absorption is evident for all breakwater width variations. For each case presented,

the Far OWC device configuration was employed (refer to Table 4.2 in Chapter 4 for OWC

device configurations); thus it was integrated with three OWC devices for each of the width

variations.

Device Configuration
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Figure 5.16: 1800 mm breakwater width operating in 0.02 m wave height with LDV 1 damping where
applicable

In order to investigate the relationship between number of integrated devices and improve-

ment in reflection coefficient, the breakwater was also configured in the Single, Double and

Double-Double OWC device configurations as presented in Figure 5.16. Figure 5.16 illustrates

the influence of OWC device configuration on the transmission and reflection coefficients of

the floating breakwater. Device variations investigated had either 1, 2, 3 or 4 devices op-

erational during the experiments, while the breakwater only condition (represented by the

green ◦ data points) was also investigated to aid in evaluation of the influence of device

integration. Figure 5.16a presents the results illustrating the influence of OWC device con-

figuration on transmission coefficient. Observing the general response with respect to the

device configurations, it can be seen that across many of cases the inclusion of OWC devices

improved the wave attenuation capacity of the structure, most prominently at the resonance

frequency of the OWC devices. The single device configuration response does not follow the

general response observed by the other device configurations, to such a degree that a shift in
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the response appears evident, as such, further investigation into the single configuration is

recommended to establish the cause of the response shift. There is no discernible relationship

between the number of integrated devices and reduction in cT ; however, it is evident that

the integration of multiple OWC devices within the floating breakwater marginally outper-

forms the generic floating breakwater. As frequency increases (≥ 0.9 Hz) the results begin

to converge displaying less variation between the integrated and non-integrated cases, before

diverging again at 1.2 Hz, the cause of which requires further investigation. Though the

number of devices integrated has no observable relationship to the transmission coefficient,

the effects of multi-device configuration on both motion (Figure 5.8) and energy extraction

(see Chapter 4) are apparent, subsequently indicating that this parameter requires significant

consideration in the development of a WEC integrated floating breakwater.

Focusing on the reflection characteristics presented in Figure 5.16b, it can be observed that

the integration of additional OWC devices appears to have had no discernible impact on

the general reflection response of the floating breakwater. All variations followed a distinct

relationship which varied in magnitude. For both the low and high frequencies tested, there

was no clear relationship between number of devices integrated and reflection coefficient, yet

in the resonance bandwidth of the integrated OWC devices (approximately 0.775 Hz - 0.8 Hz),

it is evident that the increase of devices has a clear influence on the reflection characteristics

of the breakwater, as the energy absorption from each additional chamber reduces the energy

transferred to the reflected wave. Ideally, OWC device operation will target, and subsequently

be tuned to site-specific wave conditions such that the peak frequency of the wave spectra

correlates with the resonance frequency of the integrated devices. It can be inferred from

the data presented in Figure 5.16b that an expected reduction in breakwater reflection will

result, relative to a floating breakwater with no device integration.

Figure 5.16b also directly illustrates the influence of OWC device integration on the reflec-

tion response of the floating breakwater. Comparing the breakwater only condition to the

remaining conditions in which devices are integrated, further evidence is presented for the

aforementioned inflection point, which is observed for all conditions barring the breakwater

only condition. This indicates that source of the response inflection is the subsequent incident

energy extraction achieved by the installed devices. This presents a beneficial trait of OWC

device integrated floating breakwaters which, in collaboration with the energy extraction

capacities of the concept, should further the viability of WEC integrated floating breakwater

structures for offshore applications.
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Wave Height
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Figure 5.17: 1800 mm breakwater width with Far OWC device configuration and LDV 5 damping
operating in varying wave heights

The experimental investigation also considered the impact of wave height on the wave atten-

uation characteristics of the OWC device integrated floating breakwater, the results of which

are displayed in Figure 5.17. Figure 5.17a indicates that for frequencies above 0.65 Hz there

is a negligible difference in cT observed relating to wave height variation. Frequencies ≤0.65

Hz indicate a distinct trend suggesting as wave height increases, the amplitude of the trans-

mitted wave decreases; however, this is not observed for the remaining frequencies tested.

This is hypothesised to be a function of the wave steepness relative to the breakwater width;

however, further investigation is required for verification. With regards to Figure 5.17b, it

can be observed that, while some variation in the magnitude of results occurs in lower and

higher frequencies along with the OWC device resonance bandwidth, there is no discernible

variation trend present across the differing wave heights. Focusing more specifically on the

OWC device resonance bandwidth, it can be noted that as wave height increases, the mag-

nitude of the inflection decreases. This compares well with the results found in Chapter 4,

which illustrated that although a greater amount of energy was absorbed as wave height

increased, the proportion of extracted energy to incident wave energy decreased. This trans-

lates to a reduction in the cR inflection, as, although more energy is being absorbed as wave

height increases, the proportion of residual incident wave energy available for transfer into

reflected wave energy increases.
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Pneumatic Damping

The final model variation investigated observed how the Power Take-off pneumatic damping,

simulated using the porous linear mesh fabric as specified in Chapter 4, influences the wave

transmission and reflection. The results presented in Section 4.4.3 illustrate that increasing

the pneumatic damping coefficient, δ, resulted in an increase in OWC device energy ab-

sorption, up until the LDV 5 which was found to be the optimal damping at the resonance

frequency of the device. Figure 5.18 illustrates the results obtained from experimental test-

ing regarding change in δ and its impact on both cT and cR. Figure 5.18a illustrates how

transmission coefficient is influenced by pneumatic damping, from which it can be observed

that no perceivable relationship can be derived. The general response curves of the damping

variation results follow equivalent trends, yet the magnitude of the results vary irregularly for

each damping variation across the different test frequencies. These results indicate that the

energy extraction of the OWC devices has no distinguishable influence on cT when configured

in the free floating condition.
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Figure 5.18: 1800 mm breakwater width with Far OWC device configuration operating in 0.02 m
wave height

Figure 5.18b indicates how cR for the 1800 mm breakwater width in the Far OWC configura-

tion varies with respect to the pneumatic damping coefficient δ. Similarly to the previously

investigated parameters which influence the reflection coefficient, no discernible trend is ev-

ident relating PTO damping to magnitude of reflection across the entire test bandwidth,

as although the trend remains consistent across all PTO simulant variations, the magni-

tude varies sporadically. One perceptible product of the increasing damping is observable

around the resonance frequency of the OWC devices. It can be seen that the magnitude

of the aforementioned inflection point decreases as damping increases in this region, with
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LDV 5 exhibiting the greatest reduction of inflection. This phenomena is attributed to the

increased energy absorption at frequencies around the resonance frequency resulting from

the increased damping. As δ increased (see Figure 4.14 in Chapter 4), it was established

that the energy extraction capacities of the installed devices increased in the majority of

test frequencies, subsequently resulting in a reduced proportion of the incident wave energy

available for reflection and a decrease in cR.

5.5 Conclusions

The experimental investigation conducted aimed to discern the influence that the integration

of multiple OWC devices could have on the performance characteristics of a generic π-type

floating breakwater. The proof-of-concept experimental investigation varied a series of design

parameters to evaluate the effect each had on the breakwater motion and wave attenuation.

From a total of approximately 2200 experimental runs, the following main conclusions can

be drawn.

The integration of oscillating water column wave energy converters within the floating break-

water had beneficial impact on both the wave attenuation and motion characteristics. Though

no distinct trend was established relating number of installed devices to wave attenuation, it

was found that the integration of multiple devices reduced the magnitude of both the trans-

mitted wave for most incident wave frequencies, and the reflected wave most significantly at

the resonance frequency of the OWC devices (as found in Chapter 4). Similarly, no observable

trend between number of devices and motion was established, however the Double-Double

configuration housing 4 operational devices was able to reduce heave and pitch motions by

up to approximately 20% relative to the generic, non-integrated breakwater.

The breakwater width plays a significant role in the motion performance of the floating

breakwater, where it was established that the 50% increase in breakwater width between the

1200 mm and 1800 mm breakwaters resulted in heave and pitch reductions up to 40% and

50% respectively at select frequencies. The breakwater width also reduced the transmitted

wave height in the higher test frequencies evaluated during experimental testing.

Through constraint of the floating breakwater motions, the transmission coefficient was sig-

nificantly reduced, while an increase was observed in the reflection coefficient. Considering

the free floating condition derived from the employed soft mooring, the unexpected results

obtained for cT could be significantly reduced through the incorporation of a realistic moor-

ing arrangement, whilst also providing substantial improvement to the motion and energy

absorption characteristics. As such, the utilisation of realistic mooring arrangements for the

WEC/breakwater concept are planned for future works.
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The experimental investigation conducted provides a foundation for the development of the

OWC device integrated floating breakwater concept. The results indicate that device inte-

gration has beneficial impacts for both breakwater performance parameters, which in culmi-

nation with the energy extraction capabilities of the concept explored in Chapter 4 of this

study, aims to further the viability of the concept for application in the offshore industry

where the benefits of multi-purpose maritime structures capable of environmental protection,

energy production and material/consumable storage solutions are desired.
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Chapter 6

Performance in Irregular Seas

6.1 Introduction

A number of physical model scale experimental studies, encompassing both fixed and floating

type devices, have been conducted to investigate the performance of OWC WECs in irregular

sea states, a few of which can be found in [75, 118, 166, 191, 195, 226]. While most inves-

tigations focus on isolated devices, few irregular wave experimental studies have considered

floating, multi-device integrated structures. In [227], physical model scale experiments were

utilised to investigate the pneumatic conversion efficiency of multiple OWC devices to be

installed on Very Large Floating Structures (VLFS). The initial experimental investigation

considered only the OWC devices in a fixed configuration to establish the performance in

both regular and irregular waves, where it was found that the maximum pneumatic con-

version efficiency of the concept was 79% in irregular waves. An extension of this work is

presented in [228], which investigated the concept design of the VLFS housing the multiple

OWC devices through physical laboratory-scale modelling. More recently in [229], this work

was expanded to investigate the performance of the OWC devices when installed on the VLFS

in both fixed and floating conditions, with results indicating that the pneumatic conversion

efficiency for the floating condition reached 46% in specific irregular wave spectra. In [230], a

similar experimental investigation regarding the ’Seabreath’ concept was conducted; a float-

ing multi-chamber OWC device designed for application within the Adriatic Sea. Results

indicated that the quarter-scale concept for deployment off-shore Riccione would be capable

of producing approximately 58 MWh/year, with a full-scale concept expected to potentially

produce 7.5 GWh/year.

The following chapter extends previous experimental investigations presented in Chapters

4 and 5, which employed regular waves to analyse the energy extraction, wave attenuation

and motion characteristics of a π-type floating breakwater integrated with multiple OWC

devices. The studies yielded results to concur with those found in [159, 182, 183], indicating
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that OWC device integration has beneficial influence on the wave attenuation and motion

characteristics of the floating breakwater. Similarly, significant device interaction was ob-

served for multi-device configurations which subsequently impacted device energy extraction

capacities. This chapter looks to provide further evidence to support the feasibility of the

OWC device integrated floating breakwater as it analyses the performance of energy ex-

traction, wave attenuation and motions in irregular seas. Using various irregular sea states

and device configurations, the performance of the concept is evaluated and subsequently com-

pared to those acquired through regular wave testing. The main purpose of this investigation

is to subject the concept to more realistic sea states and establish performance matrices both

with and without operational OWC devices to increase the feasibility of the concept, and

progress further through the TRLs outlined for WEC technology development [165].

6.2 Theory

6.2.1 Theoretical Hydrodynamic Consideration - Regular Waves

Damping

As defined in Section 2.1.2, a linear relationship between volume flux and pressure is con-

sidered, as defined in Equation 2.2. The approximations associated with this derivation and

the non-negligible errors induced, as detailed in Section 2.1.2, are understood and considered

throughout the evaluation.

Performance

OWC device comparisons between regular and irregular waves considered the non-dimensional

performance criteria of the amplification factor, HηAF , which relates the amplitude of cham-

ber free surface oscillation, ηOWC , to the incident wave amplitude, ηInc , and is defined in

Equation (6.1) for regular waves.

HηAF =
ηOWC

ηInc
(6.1)

Similarly, breakwater motions were evaluated using Response Amplitude Operators for each

degree of freedom of interest. In regular waves, this relates the magnitude of motion to the

incident wave amplitude as presented in Equations (6.2) and (6.3) for the heave and pitch

motions,

RAOHeave =
ηhmean
ηInc

(6.2) RAOPitch =
ηpmean
ηInc

(6.3)
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where ηhmean and ηpmean represents the amplitude of motion for heave and pitch respectively.

6.2.2 Theoretical Hydrodynamic Consideration - Irregular Waves

Irregular wave analysis considers JONSWAP spectra, Sj(ω), defined by significant wave

height, Hs, peak frequency, fp, and peak enhancement factor, γ. The JONSWAP spectra in-

vestigated can be considered as Pierson-Moskowitz spectra multiplied by a peak enhancement

factor such that,

Sj(ω) =
αg2

ω5
exp

[
−5

4

(ωp
ω

)4
]
γr (6.4)

where,

r = exp

[
−(ω − ωp)2

2σ2ω2
p

]
(6.5)

and the remaining constants are defined as,

α = 0.076

(
U2

10

Fg

)0.22

(6.6)

ωp = 22

(
g2

U10F

)1/3

(6.7)

γ = 3.3 (6.8)

σ =

 0.07 ω ≤ ωp

0.09 ω > ωp
(6.9)

where F represents the fetch, or the unobstructed distance over which the wind blows with

constant velocity, g represents gravitational acceleration, and U10 represents the wind velocity

10 m above the water surface.

Performance and Power

The performance comparison between regular and irregular waves regarding amplification

factor saw HηAF defined in irregular waves as,

HηAF =
SηOWC (f)

SηInc(f)
(6.10)
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where SηOWC (f) and SηInc(f) represent the amplitude spectra for the OWC device free

surface elevation and incident wave elevation respectively.

Instantaneous power absorbed by an OWC device as a function of time, P (t), can be derived

using Equation (6.11).

P (t) = pcQ (6.11)

The time-averaged hydrodynamic power absorbed by the OWC device, Ph, is subsequently

derived as,

Ph =
1

tt

� tt

0
pcQdt (6.12)

where tt represents the time period over which the data is sampled. Performance of the

operational OWC devices is accessed in terms of non-dimensional capture width, L̃pc. The

average incident wave power per unit crest width in irregular waves can be defined as [231],

PI =
ρg2H2

sTe
64π

(6.13)

where the significant wave height , Hs = 4
√
m0, with

√
m0 representing the first spectral

moment, which equates to one standard deviation of the wave record, and Te is the energy

period defined as,

Te =
m-1

m0
(6.14)

where m−1 is the first negative spectral moment derived from spectral analysis. As multiple

devices are operational during each of the investigated configurations, the energy absorp-

tion capacity of the OWC devices considers the mean non-dimensional capture width of the

operational devices, as defined in Equation (6.15),

L̃pcmean =

∑n
i=1 L̃pci
n

(6.15)

where n represents the number of operational chambers.

Motion

The derivations for RAOHeave and RAOPitch in irregular waves can be found in Equations

6.16 and 6.17 respectively,
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RAOHeave =
Sη

Heave
(f)

SηInc(f)
(6.16) RAOPitch =

Sη
Pitch

(f)

SηInc(f)
(6.17)

where Sη
Heave

(f) and Sη
Pitch

(f) represent the irregular motion spectra for heave and pitch

respectively.

The mean values presented in Section 4.3 were derived such that RAOHmean and RAOPmean

represent mean heave and pitch RAO values derived for the designated spectra, defined as,

RAOHmean =
HH

Hs
(6.18) RAOPitch =

HP

Hs
(6.19)

where HH and HP are defined as,

HH = 4
√
m0 (6.20) HP = 4

√
m0 (6.21)

where the first spectral moment of the respective heave and pitch motion spectra is employed.

6.2.3 Linear Superposition

To generate a linear motion spectrum, the encountered wave energy spectrum can be filtered

by the appropriate motion transfer function. This approach is valid and appropriate for any

motion where the transfer function is normalised by the incident wave amplitude [232]. To

calculate the linear motion spectrum, the square of the motion transfer function is multiplied

by the corresponding encountered wave spectrum ordinate, as illustrated in Equation 6.22.

Sηm(f) = SηInc(f)

(
ηmmean
ηInc

)2

(6.22)

where the subscript m represents the motion being analysed (heave or pitch).

This investigation sought to employ this methodology to derive other linear spectra for quan-

tities normalised by the incident wave amplitude, namely the OWC device wave amplification

factor. The linear spectrum for the amplification factor, SηOWC , was calculated using Equa-

tion 6.23.

SηOWC (f) = SηInc(f)

(
ηOWCmean

ηInc

)2

(6.23)

To evaluate the accuracy of the linear spectrum estimations relative to the corresponding

experimentally measured spectrum, the normalised error, E′, was derived for each frequency
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increment measurement using Equation 6.24.

E′ =
Sη

Mes
− Sη

Est

max(Sη
Mes

)
(6.24)

where Sη
Mes

represents the experimentally measured spectrum, Sη
Est

represents the linearly

estimated spectrum and max(Sη
Mes

) is the largest value of the measured spectrum.

6.3 Experimental Setup

6.3.1 Model and Instrumentation

The hydrodynamic performance of the OWC device integrated floating breakwater was eval-

uated using the results obtained from a suite of experimental investigations conducted in the

Model Test Basin of the Australian Maritime College, University of Tasmania, Australia.

Details of the experimental set up regarding the hydrodynamic performance of the OWC

devices can be found in Chapter 4, while the experimental set up regarding the breakwater

motion and wave attenuation characteristics can be found in Chapter 5. For brevity, the

details of the instrumentation utilised during the experiments are presented in Table 6.1.

For model and experimental configuration details refer to Figure 4.3 in Chapter 4 and Figure

5.3 in Chapter 5 respectively.

The 1:20 scale π-type floating breakwater was integrated with seven OWC devices having

uniformity in both dimension and spacing as illustrated in Figure 4.3 in Section 4.3.3, which

through the use of a series of shut-off panels allowed a number of various OWC configurations

to be investigated. The vertical centre of gravity and the radius of gyration about the assumed

pitching axis noted for the device were considered realistic for this multi-purpose floating

structure, and are detailed in Chapter 5. The results presented in this article consider three

varying OWC device configurations comprising of three operational devices, denoted Close,

Intermediate and Far, along with a breakwater only condition, all of which are presented in

Table 4.2 with the corresponding spacing dimensions.

The model was moored using a soft mooring arrangement which allowed it to be situated, and

operate, within the wave basin through the constant force supplied. Metal lump weights were

placed within the hull of the floating breakwater to ballast the system down to operational

draft. To avoid any undesirable effects influencing the induced motions of the breakwater,

the weights were applied such that symmetrical loading was achieved.
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Table 6.1: Experimental instrumentation utilised throughout investigation detailing purpose of use
and location within Model Test Basin. All units in mm.

Instrument Purpose of Measurement Location (x, y, z)

Incident Wave Probe Incident Wave Characteristics

IWP 11700, -5500, 600

Phase Wave Probe Wave Characteristics at Model

PWP 3200, -5500, 600

Reflection Wave Probes Reflected Wave Characteristics

RWP1 7600, 0, 600

RWP2 7850, 0, 600

RWP3 8400, 0, 600

OWC Chamber Wave Probes
∆

Internal Free Surface Oscillation

OWCWP1 Characteristics -120, 60, 600

OWCWP2 -40, 165, 600

OWCWP3 -80, 270, 600

OWC Pressure Probes
∆

Internal Pressure Characteristics

OWCPP 0, 165, 806

Qualysis Passive Motion Markers Six Degree of Freedom Motion

QM1 Characteristics 2931, -1900, 980

QM2 1439, -1187, 1035

QM3 3173, -4, 1095

QM4 1460, 1305, 910

QM5 3007, 1504, 910

Note: The instrument locations consider a Cartesian coordinate system in which the x-axis runs longitudinally along the
basin, positive towards the wavemakers, the y-axis runs transversely across the basin, positive to the port side, and the z-axis
runs normal to the basin floor, positive above ground level. Locations are referenced from an origin point at the intersection
of the longitudinal and transverse midpoints of the basin on the basin floor. The static location of the model measured to
the reference point found in Figure 5.4 corresponds to the coordinates 2300, 0, 600.

∆
The table indicates the number of internally located instruments per operational OWC chamber. Locations of these

instruments are referenced to the internal starboard side forward corner of each chamber with the same Cartesian convention
previously specified.

To simulate the linear Power Take-Off characteristics typically associated with a Wells type

turbine, the outlet of each operational chamber was covered with a porous fabric mesh,

previously employed in Chapters 3, 4 and 5. To establish the volume flux of air emanating

in and out of the system, the velocity of the internal free surface was numerically derived

from the elevation data acquired by the OWC wave probes, the details of which are found in
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Chapter 4. Similarly, the uncertainty associated with the OWC devices internal free surface

elevation and the assumed linearity of the pneumatic damping coefficient (δ) are presented

in Chapter 4, which indicates a mean of ±4% for the free surface elevation, and ±15% for δ

when outliers are excluded.
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Figure 6.1: Damping characteristics with linear assumption of δ for each operational OWC chamber
in the Far configuration with LDV 1 applied in irregular wave spectrum of Hs = 0.02 m and fp =

0.75 Hz.

An example of the linearity of the relationship replicated during the experiments is illustrated

in Figure 6.1, where LDV 1 exhibits a mean value of 1089 kg
m4s

in irregular waves. Regular

wave testing conducted in Chapters 3 and 4 identified that the applied pneumatic damping

is frequency independent, and can be increased/decreased through the addition/subtraction

of layers. An optimal damping value for the model scale testing conducted was 6410 kg
m4s

as

investigated in Chapter 5, which correlates to 10 sheets of mesh, and is referred to as LDV 5.

6.3.2 Experimental Parameters

The current investigation utilised thirteen generic irregular wave spectra in evaluation of

the device performance for this proof of concept analysis. The spectra were selected to

target wave frequencies found to represent the lower and upper bounds of effective OWC

device energy absorption, as well as the resonance frequency of the OWC device. These

peak frequencies were then investigated across several significant wave height variations to

develop the matrix of test spectra which provided a broad range of wave conditions for

analysis. Figure 6.2 illustrates the irregular wave spectra investigated with regards to the

peak frequency, fp, and significant wave height, Hs, and details the generic JONSWAP

spectrum inputs for each variation along with the correlating spectrum measured during

experiments. Experiments were designed to comply with the Design of Experiment guidelines

as specified by the International Towing Tank Committee [198, 199], which requires irregular

wave experiments to acquire data equivalent to 30 minutes full-scale, as was achieved during

this investigation. Data-processing was achieved through Fast Fourier Transforms using

120



Chapter 6. Performance in Irregular Seas

Welch’s method.
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Figure 6.2: Hs versus fp parameters matrix displaying irregular incident wave spectra investigated.
All spectrum plots display the input (dashed) and measured (solid) SηInc (m2/Hz) with respect to

frequency, f , in model scale.

Figure 6.2 indicates that strong correlation between input and measured values for incident

wave frequencies greater than the designated peak frequency, indicating the wavemakers

could effectively replicate the desired spectrum within this range. At the peak frequency

of the spectrum, it can be observed that the magnitudes of the measured spectrum exceed

those expected from the input spectrum; however, the target bandwidth for peak frequency

is effectively captured by the wavemakers. Frequencies below the peak frequency were not

as effectively replicated by the wavemakers as those above the peak frequency, resulting in

a lack of longer period waves interacting with the model. This can be observed across all

measured spectra, and likely results from the interactions between the incident waves and

those reflected from the energy dissipating beach located at the opposing end of the basin.
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6.4 Results and Discussion

Results from the experimental investigation described in the previous sections are used to

investigate and evaluate the performance of an OWC device integrated floating breakwater

in irregular seas. Comparisons of non-dimensional performance parameters are presented for

previously investigated regular wave analysis (Chapters 4 and 5), and those acquired through

irregular wave testing. Similarly, the results investigate the use of RAO transfer functions

derived from regular wave experiments to predict the performance characteristics of the

OWC device integrated floating breakwater; including OWC device amplification factor and

floating breakwater motions. Finally, the results of the irregular wave experiments have been

evaluated to produce performance matrices identifying how parametric variations influence

device performance with respect to peak period and significant wave height.

6.4.1 Regular versus Irregular Waves

OWC Performance

To derive comparisons between the hydrodynamic behaviour and performance of the WEC

integrated floating breakwater in various configuration, the dimensionless performance pa-

rameter of amplification factor, HηAF , was evaluated for both regular and irregular sea states.

The amplification factor is non-dimensionalised with respect to the incident wave height, sub-

sequently any minor variation in wave height across the incident wave frequencies tested is

accounted for. Due to the relationship of the non-dimensional character to wave height, all

results can be considered a normalisation, which ensures all comparative analyses are true,

and variation in results becomes independent of wave height.

Considering first the amplification factor as presented in Figure 6.3, it can be found that there

is strong correlation between the results derived from a series of regular wave experiments

relative to the spectrum derived from an irregular wave analysis. Figure 6.3a, 6.3b and 6.3c

represent the Close, Intermediate and Far OWC device configuations respectively for the

WEC/breakwater device, and displays the mean amplification factor measured across the

three operational devices in each case.
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Figure 6.3: Amplification Factor, H
ηAF

, for OWC device free surface elevations in the 1800 mm
breakwater width with LDV 1 applied operating in 0.02 m wave heights

As Figure 6.3 illustrates, good agreement was found between the amplification factor results

derived from the regular and irregular sea state experiments. The results best agree in fre-

quencies both above and below the natural resonance frequency of the OWC devices. The

largest variation between the results occurs at resonance, where it can be found that the

results obtained from irregular wave experiments marginally over-predict the amplification

factors across the three OWC configurations presented. The discrepancy in the results at

resonance is likely attributed to the induced non-linearity of the free surface oscillation asso-

ciated with the resonating devices, whereby the sinusoidal nature of repeating waves probably

enhanced the sloshing motions within the chambers. In comparison, the frequency and wave

height variation associated with irregular sea states may have more readily regulated the free

surface sloshing and allowed the spatially distributed wave probes to more accurately capture

the complex dynamics occurring within each chamber. This potential source of variation does

however require further investigation for validation.

Figure 6.3 highlights a minor secondary performance peak at a incident wave frequency of ap-

proximately 1.5 Hz, likely corresponding a second order response of the OWC device. Though

the magnitude is small relative to that experienced at the device’s natural frequency, a clear

trend is found relating the magnitude of the secondary peak relative to the device spacing,

whereby increasing the spacing between the devices results in an increase in magnitude of the

response. The experimental frequency bandwidth investigated during regular wave analysis

did not extend sufficiently high to capture this phenomena, however investigation into the

performance at higher frequencies is included in future research. As an OWC device’s perfor-

mance is a function of its ability to absorb wave energy across a specific frequency bandwidth,

exploring variations to pneumatic damping, and manipulation of air compressibility in order

to harness this second order response may improve overall device performance.

Figure 6.3 also emphasises the variation in performance based upon the OWC device config-

uration employed. As found in Chapter 4, destructive interference was observed by devices in
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regular waves for both the close and intermediate configurations, employing spacing equiva-

lent to approximately 0.3 and 1.6 device widths respectively (edge to edge measurements). As

Figure 6.3 demonstrates, the irregular wave spectra investigated was also able to accurately

capture the performance differences across all three of the three-device configurations, where

the close OWC configuration appears to be significantly impacted by strong device-device

interaction causing a substantial reduction in performance relative to the far OWC configu-

ration. As was found with the regular wave experiments, device spacing is a crucial design

parameter to be considered in the initial stages of concept development, as it has significant

influence on the energy absorption capacities of the devices. The increasingly scattered re-

sults for the irregular wave data below approximately 0.5 Hz is attributed to numerically

derived errors associated with FFT analysis of the negligibly small incident wave amplitudes

in this region, and is common across all irregular wave analyses.
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Figure 6.4: Amplification Factor, HηAF , for OWC device free surface elevations in the Close
configuration with LDV 1 applied operating in 0.02 m wave heights

Investigating the device-device interaction further, Figure 6.4 illustrate the amplification fac-

tors observed by the port, middle and starboard chambers whilst in the Close OWC device

configuration. As was discovered in Chapter 4, Figure 6.4b shows the considerable reduction

in performance observed by the middle chamber around 0.8 Hz, while the two outer cham-

bers display relatively identical performance characteristics. The results from the irregular

wave experiments agree well with those obtained from the regular experiments, where the

destructive interference is maximum at 0.8 Hz, before rising again at 0.9 Hz to a larger mag-

nitude than observed in the regular wave trials. As explained in Chapter 4, the destructive

interference reduced as device spacing, and subsequent reflective structure surrounding the

OWC device, increased. This design property has been found to significantly influence the

performance of breakwater integrated OWC devices [187], as is displayed in Figure 6.5 where

the individual chamber results corresponding to the far configuration can be observed. Fig-

ure 6.5 illustrates that as device spacing and reflective surrounding structure increased, the

devices observed negligible interference, and subsequently preformed at equivalent capacities

much higher than that observed for the close configuration.
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Figure 6.5: Amplification Factor, HηAF , for OWC device free surface elevations in the Far
configuration with LDV 1 applied operating in 0.02 m wave heights

These results illustrate the potential to forgo the traditional regular wave analysis when es-

tablishing the performance characteristics of an OWC device. The mean results obtained

from several irregular wave experiments were able to establish comparable results to those

obtained through 30+ regular wave tests, and accurately capture complex phenomena in-

cluding device-device interaction. The benefit of utilising irregular waves not only include

the reduction in required experimental time, but also the additional bandwidth of results

that can be obtained from a single experimental run, and possible results of interest that

may not be observed during regular wave experiments, such as the secondary peak observed

as a results of these tests. The measured irregular wave spectra provides high correlation to

that of the regular waves investigated; however, it should be noted that the spectra presented

thus far had a peak period aligned with the natural period of the OWC devices (Hs = 0.02

m and fp = 0.75 Hz). When comparing the results of spectra with peak periods not aligned

with the natural period of the OWC devices, the agreement between the irregular and regular

results were less favourable. Subsequently, it is suggested that to utilise irregular waves for

OWC performance analysis an understanding of the general performance curve, including

the resonant period, is required. This may be derived from validated numerical models, as

found in Chapter 3.

The impact of the significant wave height increase on the amplification factor is illustrated

in Figure 6.6. It can be observed that as the significant wave height of the incident wave

spectra increases, the amplification factor tends to decrease in the operational bandwidth of

0.5 Hz - 1.2 Hz, with the most prominent region of reduction around the resonant frequency

of the OWC devices (≈ 0.75 Hz - 0.8 Hz). This is most likely attributed to the increased

non-linearities observed in the free surface oscillation within the OWC chamber as significant

wave height increases, subsequently resulting in a reduction in relative amplitude. While am-

plification factor decreases, the overall power absorption of the device is likely to increase as

incident wave power increases proportional to the square of wave amplitude. Contrarily, the

second order response (≈ 1.55 Hz) of the device appears to observe an increase in performance
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as the significant wave height increases. This may positively influence the evaluation of per-

formance across the observable bandwidth as significant wave height increases, improving

the overall extraction capacity of the device. A further peak can be observed around approx-

imately 1.9 Hz, potentially correlating to the presence of a third order response. However,

further investigation is required to establish whether this is a function of device performance

or simply errors associated with FFT analysis of the incident spectra.
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Figure 6.6: Amplification Factor, HηAF , for OWC device free surface elevations in irregular spectra
of fp = 0.75 Hz and varying significant wave heights. The floating breakwater/WEC is in the Far
configuration with width of 1800 mm and LDV 5 damping applied.

Motion

Similarly to the comparisons presented for OWC device performance, the following compares

the heave and pitch motion RAOs for the WEC/breakwater device in both regular, as found

in Chapter 5, and irregular sea states. In Chapter 5 it was established that the integration

of OWC WECs within the floating breakwater had a beneficial impact on the motion char-

acteristics relative to a non-integrated structure in regular waves. Alike the OWC device

performance parameters, the motion characteristics have been normalised with respect to

the incident wave amplitude, hence any subsequent variation in wave height is accounted for.

Examining firstly the heave RAO of the WEC/breakwater device as presented in Figure 6.7a,

a strong correlation can be found between both the regular and irregular sea states. As can

be observed, for frequencies below 0.5 Hz, and above 1.6 Hz, the irregular results diverge

and become more sporadic, which is likely attributed to the relative difference between the

negligibly small numerical values within the frequency domain for each respective probe,

subsequently amplified during FFT analysis, and is not necessarily representative of the
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actual motion response. Similarly, good correlation was found for the pitch RAOs of the

WEC/breakwater device in both regular and irregular seas, which also captured the natural

pitching frequency of the device at approximately 0.64 Hz as found in Chapter 5. As with

the heave RAOs, the irregular pitch RAO response curve diverges from the expected results

in the low and high frequencies presented in Figure 6.7b, which is also associated with the

numerically derived errors linked to FFT analysis of small amplitudes in the incident wave

spectra.

Considering both the heave and pitch RAOs presented in Figure 6.7, it can be observed

that the second order response found for the OWC device performance is not present for the

relative motion. This is attributed to the magnitude of the response, with peak values of

approximately 1.25 and 0.15 for heave and pitch respectively. In comparison, the magnitude

of peak values for HηAF are approximately 8 with LDV 1 applied and 5 with LDV 5 applied.

For the multi-purpose floating structure considered, motions are desired to be low; hence,

remaining out of the second order response of the structure is a beneficial feature. However,

it is recommended that future works include further research conducted to identify additional

responses of the floating breakwater/WEC system.
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Figure 6.7: Motion Response Amplitude Operators for regular and irregular sea states with OWC
devices in the Far configuration at a breakwater width of 1800 mm.

As was previously discussed regarding the OWC device performance parameters, the high

correlation between the regular and irregular wave results suggest the potential to simply

conduct irregular wave experimentation and forgo the traditional route of regular wave test-

ing (assuming device properties such as natural frequency are known). Not only does this

curtail the temporal constraints typically associated with model scale hydrodynamic exper-

imentation, but also contributes to greater progression through the TRLs associated with

WEC technological development [165]. The commonality in the regular and irregular results

can also be used contrarily to the aforementioned means, whereby the regular wave RAOs
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could be used in culmination with the measured irregular incident wave spectra to predict

both the OWC device and motion performance characteristics.

6.4.2 Linear Superposition

Through the use of linear superposition as outlined by Lloyd [232], the motion and OWC

device performance characteristics for the WEC/breakwater structure could be estimated by

utilising the RAOs acquired through regular wave testing. The RAOs are converted into the

transfer functions as illustrated in Figure 6.8, which are then multiplied by the incident wave

spectra to produce pseudo performance spectra for the parameters of interest. These pseudo

spectra were then compared to the measured spectra obtained from the experimental tests

conducted, and utilising Equation 6.24 comparisons were derived between the pseudo and

measured spectra to determine how accurate the linear superposition method could predict

the performance.
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Energy Spectrum
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Figure 6.8: Components of linear superposition methodology for pitch RAO with normalised error,
E′, to indicate variation between pseudo and measured spectra.

Figure 6.8 illustrates an example of the linear superposition process, where the pitch RAO

is estimated and compared to the actual measured value in terms of the normalised error.

The normalised error presented in the right hand column of Figure 6.8 presents the difference

between the pseudo and measured performance results relative to the maximum magnitude
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of measurement. Subsequently, a positive normalised error result indicates that the pseudo

spectra is underestimating the magnitude of performance, and conversely a negative result

indicates an over estimation.

By applying the methodology from Section 6.2.3 and Figure 6.8 to heave and pitch and

HηAF , Figure 6.9 was produced to compare how the linear superposition estimations were

able to predict the behaviour of the aforementioned performance parameters for incident

wave spectra of varying peak period. As can be observed in Figure 6.9, a number of trends

are evident in the error obtained from the linear superposition pseudo spectra. Considering

the accuracy of the estimations with respect to the peak frequency of the incident wave

spectra, Figure 6.9 illustrates that as the peak frequency increased, the estimations for all

performance parameters diverged further from the experimentally measured values obtained.

The largest errors in the estimations commonly align with the peak frequency of the incident

wave spectra, likely a result of the increased wave occurrence. An increase in the error

bandwidth is also observable as the peak frequency of the incident spectra increases, where

for the fp = 0.6 Hz case majority of the error is contained between 0.5 Hz and 0.85 Hz, while

for the fp = 0.9 Hz cases, the errors are evident for all test frequencies. The motion response

of the WEC/breakwater concept generate larger discrepancies as peak frequency increases

compared to the amplification factors of the OWC devices, which may be a function of the

breakwater geometry and increasing wave steepness, however further investigation into the

relationship between the two parameters is required for validation.
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Figure 6.9: Normalised error, E′, derived for OWC device free surface elevation, heave motion and
pitch motion when comparing the pseudo spectra generated from the linear superposition method to

the measured spectra.

While only one significant wave height is presented in Figure 6.9, results were obtained for

increasing significant wave heights; however, due to the increasing non-linearities associated

with these spectra, the linear superposition method was deemed non-applicable to these

incident wave spectra as the estimations derived in the pseudo spectra are less capable of

accurately capturing the performance characteristics of the WEC/breakwater device. Figure
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6.6 illustrates how the increasing non-linearities impact the relative performance of the device.

When this is combined with the sloshing and inertial impacts of increasing water column

oscillation within the chamber for both the regular and irregular waves investigated, the

results obtained from the pseudo spectra provide in an inaccurate representation of the

complex dynamics of the system. Future investigations should investigate whether the small

scale of the OWC devices in fact accentuates the sloshing motions, in which case the linear

superposition method may be applicable in larger significant wave heights. Similarly, it is

suggested that future work exploring the impact of wave steepness on the motion response

of the breakwater/WEC be conducted, in conjunction with the influence of water column

oscillation on motion characteristics of the breakwater, as this will improve the accuracy of

the predictions.

6.4.3 Irregular Sea State Performance Matrices

The irregular wave experimentation allowed for evaluation of the device by comparing the

performance characteristics across varying incident wave spectra to produce performance

matrices. The following results present matrices for device performance relative to the peak

frequency and significant wave height of the incident wave spectra the floating breakwater was

subjected to. The values presented in the matrices are the experimentally derived magnitudes

for each respective performance parameter which correlate to the tested incident wave spectra

defined by the coordinates of the value within the matrix. The grid locations in which no value

is presented indicates that an experimental investigation of the corresponding incident wave

spectra was not conducted, and has instead been linearly interpolated using an inpaint nans

function [233], which adopts a least squares method. These values should be considered as

approximations based on the actual values obtained from the experimental investigation.

Non-Dimensional Capture Width (L̃pcmean)

As with previous performance evaluations of OWC devices, the non-dimensional capture

width, L̃pc, is considered. As three OWC devices were operational during the irregular wave

experiments, the mean non-dimensional capture width, L̃pcmean , of the three operational

chambers is presented in Figure 6.10. As Figure 6.10 illustrates, the OWC devices’ highest

power absorption in the lower wave heights at the natural frequency of 0.75 Hz, where for

the 0.02 m case, the mean non-dimensional capture width of the devices is approximately

2.5. An evident trend emerges from the data indicating as significant wave height increases,

a subsequent reduction in non-dimensional capture width is observed, which is expected to

be associated with the increasing non-linearity related with larger wave interaction. Though

a decrease in non-dimensional capture width is observed, performance in terms of power
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absorbed improves, as wave power increases proportionally to the wave amplitude squared.

Figure 6.10: Mean non-dimensional capture width, L̃pcmean , for OWC devices in the Far
configuration with LDV 5 damping applied with respect to significant wave height, Hs, and peak

frequency, f .

For the irregular spectra with peak frequencies that do not correlate to the natural frequency

of the OWC devices, the non-dimensional capture width follows the same trend as that dis-

cussed; however, the magnitude of the performance is reduced equivalently for both the 0.6

Hz and 0.9 Hz cases. One distinguishing feature is the increase in performance for the 0.9

Hz cases of larger wave height, where the fp = 0.9 Hz, Hs = 0.08 m case performs almost

equivalently to the corresponding natural frequency case. This increase in performance is

potentially attributed to an increase in the pneumatic damping applied by the PTO simu-

lant. This increase in damping in larger significant wave heights may have possibly resulted

from heightened free surface oscillations within the OWC chamber causing sloshing, sub-

sequently resulting in the underside of the damping mesh to become wetted. This would

decrease permeability of the material and consequently increasing damping; however, further

investigation is required to validate this hypothesis.

131



Chapter 6. Performance in Irregular Seas

Motion - Heave

Figure 6.11: Mean Heave Response Amplitude Operators for each wave spectrum experimentally
investigated; displayed in terms of the significant wave height, Hs, and peak frequency, f , presented

in (m) and (Hz) respectively. The mean Heave RAO was calculated using the mean Heave
amplitude for the given spectra, η

hmean
, with respect to Hm0.

The irregular wave investigation also considered the influence of various incident wave spectra

on the motions of the WEC/breakwater concept, in particular the heave and pitch. Figure

6.11 illustrates the mean heave RAO for each incident wave spectra investigated where it

can be observed that as peak frequency and significant wave height of the incident spectra

increase, the mean heave RAO decreases. This is likely attributed to the higher occurrence

of steeper waves associated with incident wave spectra of increasing peak frequency and sig-

nificant wave height. The variation in the results for spectra of the same peak frequency but

varying significant wave height was approximately 10% between the maximum and minimum

values, with a consistent trend of decreasing mean heave RAO as significant wave height in-

creased. These results would indicate that the WEC/breakwater device exhibits reduced

relative heave motion as wave steepness increases; however, this will likely not be the condi-

tions in which the device will optimally absorb wave energy, as illustrated in Figure 6.10. It

is expected that the introduction of a realistic mooring arrangement will significantly reduce

the relative motions of the WEC/breakwater device, which will be the focus of future works.

The wave steepness will then play a significant role in the design of the mooring arrangement

as it has been found that increasing wave steepness elevates the tension experienced by the

moorings [140].

A comparison was also conducted to investigate the impact of OWC WEC integration on the

relative motions of the breakwater in irregular sea states. The non-integrated breakwater

condition was subjected to six irregular spectra, subsequently comparisons were made for
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the corresponding WEC integrated cases. Table 6.2 details the characteristics of the spectra

compared across the integrated and non-integrated configurations, and provides the mean

heave RAOs for both cases together with the percentage difference, where a negative result

indicates a reduction in relative motion when the devices were integrated. As Table 6.2

indicates, the integration of OWC WECs within the breakwater had a significant beneficial

impact on the mean relative heave motion of the breakwater, where all investigated incident

spectra observed a reduction, with the average reduction greater than 50%.

Table 6.2: Heave RAO Comparison

RAOHmean

Spectrum Label Hs (m) Tp (s) Without OWC Devices With OWC Devices % Difference

FBOWC I1 0.020 1.667 0.111 0.080 -27.93

FBOWC I2 1.333 0.102 0.036 -64.71

FBOWC I3 1.111 0.067 0.018 -73.13

FBOWC I4 0.015 1.333 0.097 0.042 -56.70

FBOWC I5 0.025 1.333 0.089 0.034 -61.80

FBOWC I6 0.030 1.333 0.077 0.034 -55.84

Motion - Pitch

Relative pitch motion was also investigated across the irregular wave spectra, from which the

mean pitch RAOs could be derived. Similarly to that of the heave RAOs, the relative pitch

motion observed a trend of decreasing magnitude as peak frequency and significant wave

height increased, illustrated in Figure 6.12. The magnitude of the relative pitch motions

were far less than that of heave motions; however, these values are expected to be reduced

even further with the aforementioned realistic mooring arrangement. The pitching motion of

the WEC/breakwater structure was essentially unconstrained as the connection of the soft

mooring arrangement to the model acted along the assumed axis of pitch rotation; hence,

a simple four point catenary mooring connected at each corner of the breakwater would

likely apply greater constraint to the structure and reduce the pitching amplitude. As per

the discussion on the effect of wave steepness on heave, it is hypothesised that this also

contributes to the reduction in pitch relative motion at the cost of increased slamming on

the bow face of the breakwater, which was observable during the experimental investigation.

Future research aims to investigate the interrelationship between motion, wave loads, mooring

loads and energy absorption of the WEC/breakwater structure to validate the hypotheses

presented.
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Figure 6.12: Mean Pitch Response Amplitude Operators for each wave spectrum experimentally
investigated; displayed in terms of the significant wave height, Hs, and peak frequency, f , presented
in (m) and (Hz) respectively. The mean Pitch RAO was calculated using the mean Pitch amplitude

for the given spectra, ηpmean , with respect to Hm0.

Table 6.3 compares the relative pitch motion for the WEC integrated and non-integrated

configurations where it can be observed that, similarly to the relative heave motion, all in-

vestigated incident wave spectra exhibited decreased pitch motions when integrated with the

OWC devices. The percentage reduction of magnitude for the relative pitching motion was

considerably less than that of the heave motion; however, it is evident that the device integra-

tion beneficially impacted the pitch motion of the structure, with the average improvement

in motion greater than 10%. These results, in culmination with the heave results presented

in Table 6.2, indicates that the integration of OWC WECs within the floating breakwa-

ter provide an energy sink in which incident wave energy is being absorbed as opposed to

transformed into motion as would typically occur with a generic breakwater. The further re-

ductions expected to be experienced as a realistic mooring is applied is likely to add further

evidence to support the integration of WECs within floating breakwaters, as the reduced

construction and maintenance costs, energy generation and beneficial performance impacts

that stem from this multi-purpose maritime structure indicate that ocean wave energy can

provide a substantial contribution toward the renewable energy sector.
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Table 6.3: Pitch RAO Comparison

RAOPmean

Spectrum Label Hs (m) Tp (s) Without OWC Devices With OWC Devices % Difference

FBOWC I1 0.020 1.667 0.021 0.020 -4.76

FBOWC I2 1.333 0.016 0.013 -18.75

FBOWC I3 1.111 0.008 0.007 -12.50

FBOWC I4 0.015 1.333 0.016 0.013 -18.75

FBOWC I5 0.025 1.333 0.015 0.012 -20.00

FBOWC I6 0.030 1.333 0.015 0.013 -13.33

6.4.4 Technology Readiness Levels

The analysis of performance for varying irregular sea states at small scale is highlighted

as a latter component of Stage 1 in the structured development plan of WEC technolo-

gies [165], intended to follow the previously established regular wave analysis. The results

presented in this chapter provide additional observations regarding the performance of the

WEC/breakwater concept, which contributes to the earlier knowledge foundation established

through regular wave experimental investigation found in Chapters 4 and 5. The results ob-

tained from the irregular wave analysis indicates the Technology Readiness Level of this

concept to be 2-3, with future investigation to be conducted regarding mooring suitabil-

ity and hull seaworthiness to satisfy the remaining criteria of Stage 1, before development

continues to gradually meet the requirements of Stage 2, including survivability for design

validation.

6.5 Conclusion

The experimental investigation conducted regarding the performance of the multiple OWC

device integrated floating breakwater concept in irregular sea states continues the progres-

sion through the WEC technology TRLs. Strong correlation was observed between the

non-dimensional performance parameters derived from both regular and irregular wave ex-

perimentation indicating that, with knowledge of the OWC device natural frequency, it may

be possible to forgo the traditional route of regular wave experimentation and employ tar-

geted irregular wave spectra to derive the performance characteristics. This methodology

would allow for investigation over a greater bandwidth of incident wave frequencies with re-

duced temporal requirements. The correlation between the regular and irregular wave results

also presents the converse approach, whereby use of the regular wave RAOs can be used to

estimate OWC device and breakwater motion performance. The results of this investigation
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indicate that for lower wave heights, the linear superposition methodology was able to pro-

vide relatively accurate predictions for the breakwater motions; however when wave height

increased, the induced non-linearities created divergence from the predicted and measured

spectra. The linear superposition methodology was found to be effective for indicating the

OWC device performance parameters across all the irregular spectra tested, with the largest

estimation errors occurring at resonance.

Over the 13 irregular incident wave spectra tested, the performance in terms of non-dimensional

capture width of the integrated OWC devices was found to be equivalent to that observed

in regular waves (Chapter 4). As wave height increased, the non-dimensional capture width

gradually reduced; however, the increase in available wave power elicited a continual increase

in power absorbed. It was established that irregular spectra with peak frequencies aligned

with the natural resonance frequency of the devices allowed for greatest performance, with

equivalent reduction in performance observed for spectra with peak frequencies either side

of the resonant frequency. Breakwater motions in irregular sea states was found to bene-

fit from OWC device integration, with reductions in heave and pitch magnitudes observed

for all irregular sea states examined, as was observed during regular wave experimentation

(Chapter 5). The results from this investigation contribute to furthering the development

of multi-purpose maritime structures as the benefits to the performance of traditional mar-

itime structures are evident, with the additional dividend of renewable energy generation.

The continuing progression of this concept validation is set to explore mooring suitability,

which is expected to improve the performance of the concept and advance the viability of

multi-purpose maritime structures for the ever-expanding blue economy.
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7.1 Conclusions

In this thesis, the integration of oscillating water column wave energy converters within

maritime structures was investigated from a hydrodynamic performance perspective through

the use of physical scale model experimentation. The development of the project led to the

OWC devices being investigated across three distinct configurations;

Isolated

Generic OWC model, whose construction comprised solely of chamber geometry, installed

within the wave basin. Representative of the typical arrangement associated with devices

installed in WEC farm/array.

Breakwater Integrated - Fixed

Utilised the isolated OWC model, which was then installed within a fixed breakwater model

whose depth extended to the basin floor.

Breakwater Integrated - Floating

Multiple bent-duct type OWC devices were integrated within a generic Π-type floating break-

water, which was investigated in a free-floating state.

Initial experimental investigations sought to identify the influence that chamber cross-sectional

geometry and breakwater integration (fixed) had on the performance characteristics of the

bent-duct type OWC device, the results of which would partially satisfy the first research

question posed for this project, as outlined in Section 1.2.2. The experimental results ob-

tained were compared with those acquired from a FEM numerical hydrodynamic model,

where the model was validated with good agreement for both the isolated and fixed cases

explored. The results from the initial investigation were subsequently utilised to develop

the physical scale model for testing during the floating breakwater integrated experiments.

The operating conditions of this experiment considered the following main parameters, and

sought to explore their impact on both OWC device performance, and floating breakwater

performance.

1. Regular and Irregular Waves

2. PTO Damping

3. Breakwater Width

4. OWC Device Configuration

5. Motion Constraints
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6. Breakwater Only versus OWC Device Integrated

The following main conclusions can be drawn from the studies completed and presented

throughout this thesis:

� The use of the Enviro-Cloth porous fabric mesh as a PTO simulant in physical model

scale hydrodynamic investigations can effectively replicate the linear damping relation-

ship typically associated with a Wells type turbine. The damping imparted by the

PTO simulant was also determined to be frequency independent, which allowed it to

be adopted in both regular and irregular wave investigations [Chapters 3, 4 and 6].

� Comparison of results between cross-sectional geometry of the OWC device chamber

(circular and rectangular for this study) indicate that no discernible variation in the

potential for power absorption can be attributed to the geometry of the OWC chamber.

While this design consideration had negligible impact on the performance, when con-

sidering the constructibility and maritime structure integration, the rectangular device

presents a more viable design solution [Chapter 3].

� The integration of a generic bent duct OWC device within a fixed, bottom-mounted

breakwater provided a significant increase in the potential power absorption of the

device compared to the isolated case. Considering the non-dimensional capture width of

the device, breakwater integration was found more than double the performance of the

device at resonance relative to the equivalent isolated case. Similarly, the performance

of the integrated device saw improvement in absorption capacity across almost all

incident wave frequencies investigated [Chapter 3].

� The integration of OWC devices within a generic floating Π-type breakwater was able

to return non-dimensional performance results that displayed agreement with the fixed

breakwater cases, indicating the beneficial influence of breakwater integration. The

investigation identified a number of design parameters including PTO damping and

motion constraint which could be manipulated to improve the hydrodynamic energy

absorption of the integrated devices, while floating breakwater width was found to have

no discernible impact on device performance [Chapter 4].

� The integration of multiple devices was found to result in improved mean hydrodynamic

absorption for most of the cases relative to that observed by the single integrated

device. This is likely attributed to the increased energy sink created as multiple devices

resonate, as opposed to the limited sink created by the single device, indicating that

multi-device integration is beneficial in the energy extraction capacities of the concept

[Chapter 4].

139



Chapter 7. Thesis Conclusions and Future Work

� One of the most important parameters identified for OWC device performance in multi-

device configurations is device spacing. Significant device-device interaction was ob-

served as device spacing decreased, resulting in a detrimental impact on the extraction

capacities of the integrated devices. While it was found that the Double-Double OWC

configuration (4 Devices) was able to extract up to approximately 80% of the available

wave energy interacting with the breakwater when PTO damping was optimised, the

increase in energy absorbed relative to the the Far (3 Device) configuration was not

proportionate to the addition of fourth chamber. This resulted from the device-device

interaction reducing the mean performance of each operational device. Subsequently,

when considering real world applicability in which CAPEX and OPEX costs are anal-

ysed, the Far configuration may present the most feasible solution. [Chapters 4 and

6].

� The integration of multiple OWC WECs within the floating breakwater, when com-

pared to the generic, non-integrated breakwater, was found to reduce the magnitude

of the transmitted wave for most incident wave frequencies investigated, while also

reducing the reflected wave height most prominently around the resonant frequency

of the integrated devices. While no evident trend relating number of devices to wave

reduction was observed, it was found that for all multi-device configurations the above-

mentioned observations were true. Applying constraint to breakwater motions such

that the structure operated fixed further reduced the magnitude of the transmitted

wave, but increased the magnitude of the reflected wave, indicating that the incor-

poration of a realistic mooring arrangement has potential to improve the sheltering

capabilities of the concept [Chapter 5].

� Similar to the influence on wave attenuation, the integration of multiple OWC WECs

was able to reduce the relative heave and pitch motions of the device by up to 20%

in regular waves when compared to the non-integrated breakwater. In irregular waves,

the heave motions for the WEC integrated cases were reduced across all incident wave

spectra tested relative to the breakwater only cases, with maximum reduction of approx-

imately 73% for specific wave spectra was observed. Furthermore, the pitch motions

also decreased for all irregular incident wave spectra tested by up to approximately

20%. No discernible trend was identified relating number of devices to reduction of

relative motion across both regular and irregular wave investigations; however, the

Double-Double OWC configuration was found to provide the largest reductions across

both of the measured motions in regular waves [Chapters 5 and 6].

� Though breakwater width was found to have no impact on the performance of the

integrated OWC devices, it played a significant role in the motion performance of
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the floating breakwater, whereby increasing the width by 50% (1200 mm to 1800 mm)

resulted in relative heave and pitch motions being reduced by 40% and 50% respectively.

The increase in width also reduced the magnitude of the transmitted wave for some of

the higher incident wave frequencies tested during the investigation [Chapter 5].

� The non-dimensional performance parameters of the floating breakwater/WEC concept

observed strong correlation between those acquired through both regular and irregular

wave investigation. These results suggest that with knowledge of the natural resonance

frequency of the integrated OWC devices, it may be possible to forgo traditional regular

wave investigation and employ targeted irregular wave spectra to understand the per-

formance characteristics, as this would reduce the temporal constraints of experimental

testing, whilst providing a large bandwidth of performance information [Chapter 6].

� Contrary to the aforementioned point, the correlation between the regular and irregular

waves also allows for the opposite approach whereby the regular wave RAOs in culmi-

nation with the measured irregular spectra can be used to predict the pseudo perfor-

mance spectra for the concept. The investigation into this methodology indicated that

through linear superposition, the reconstructed performance spectra could be closely

predicted for the smaller wave heights tested, however as wave height increased, and

more non-linearities were induced, the predictions tended to be less accurate.

� The OWC device performance in irregular sea states, in terms of non-dimensional

capture width, was found to be equivalent to that in regular waves. Although it was

found that increasing significant wave height resulted in a decrease in the mean non-

dimensional capture width, the increase in available wave power elicited a continual

increase in power absorbed [Chapters 4 and 6].

7.1.1 Concluding Remarks

The results obtained from the final experimental investigation detailed each parameters influ-

ence on OWC device hydrodynamic absorption in addition to how OWC device integration

impacted the traditional performance criterion of a floating breakwater. Analysis of the

results provided answers to all research questions posed for this study, culminating in the

development of a proof-of-concept study for a multi-purpose floating offshore structure. To

date, the investigations conducted can be considered to have progressed the concept through

the technology readiness levels for wave energy converter technology up to TRL 2-3.

The expansion for many blue economy industries into the offshore region has lead to the

necessity for development of multi-purpose maritime structures capable of providing en-

vironmental protection, topside area for industry specific infrastructure and economically
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viable source of energy production. The investigation into the WEC/floating breakwater

described within this thesis provides promising findings to support future development of the

concept to satisfy the increasing demand, with synergistic benefits of OWC device integra-

tion evident throughout the works presented. With one of the major challenges facing wave

energy being the high associated costs, and subsequent high LCOE, this concept provides

a solution which would likely improve the economic feasibility of WEC technology through

shared construction and maintenance costs, while also providing improved energy yield rela-

tive to the equivalent isolated device array. Although commercial viability remains a distant

consideration, the findings of within this thesis provide a stable foundation for ongoing de-

velopment of multi-purpose maritime structures which harness ocean energy for renewable

power generation.

7.2 Future Work

The development of this research culminated in a proof-of-concept investigation for a floating

breakwater integrated with multiple OWC WECs. Hence, for further development of the

concept and progression through the TRLs associated with WEC technology, a number of

studies are considered for future works to assist in satisfying the subsequent development

criteria:

� The investigations presented in this thesis regarding the concept considered a free

floating condition, which was achieved through use of a soft mooring apparatus, and

provided a baseline from which improvements were expected to be made. For future

development of the concept, it is necessary to investigate the inclusion of a realistic

mooring arrangement at model scale, as to comply with the progression of the concept

through the TRLs specified for WEC technology development. The results presented

within this thesis indicate that motion restraints produced improved sheltering capacity

for the breakwater concept, and also improving the hydrodynamic power absorption

properties of the integrated OWC devices. While investigation regarding the influence

that a realistic mooring arrangement has on the performance parameters presented

throughout this thesis would provide additional data to support the viability of the

concept, the optimisation of mooring configuration, material and anchoring system for

a multi-purpose maritime structure as is proposed are vital design considerations that

warrant analysis as part of future works.

� Conducting further testing in realistic sea states, both for operability and survivability,

is essential for the future progression of this proof of concept. The investigations

presented within this thesis considered only operational sea states in which the OWC

142



Chapter 7. Thesis Conclusions and Future Work

devices adopted incident headings of 0◦ and operated in unidirectional waves. Future

studies are suggested to expand the scope of operational wave conditions to include

oblique waves and short-crested sea states. Research regarding oblique waves and

short-crested seas will contribute towards the viability of the concept, and results are

expected to dictate deployment considerations including sea state specific positioning

and multi-unit configurations. Similarly, survivability is a key design consideration that

was beyond the scope of this thesis; however, investigations regarding extreme wave

conditions are critical for the advancement of the concept. The survivability of the

WEC devices, structure seaworthiness and moorings should be investigated in extreme

sea states to provide understanding of the concepts response in survival conditions.

The data acquired from such investigations should lead to development of an iterative

design methodology which can be employed to optimise the system for both operation

in targeted sea-states, and survival in extreme conditions.

� It is necessary to comprehensively investigate the Power Take-Off system for the OWC

device integrated floating breakwater concept. As was discussed in Chapter 1, several

turbines variations exist for the purpose of bi-directional airflow, and the recent devel-

opments regarding vented OWC devices has expanded the scope of available systems for

incorporation. Future works should place significant importance on the development

of the PTO system, including the relevant PTO control strategies in both operational

and survival mode, as the findings of this thesis indicate that the PTO has a substan-

tial impact on the performance of the OWC devices. Sufficient compromise must be

established between the influence of the turbine and the economic drivers, as the PTO

system represents one of the largest proportions of CAPEX and OPEX associated with

WEC technology. Subsequently, governing design based upon a turbine designed specif-

ically for optimal energy conversion, or modifying design to incorporate commercially

available sub-optimal PTO systems is an important consideration for future economic

feasibility studies.

� The influence of air compressibility, whether to detriment or benefit, was not explic-

itly explored throughout the investigation into the OWC device integrated maritime

structures considered within this thesis. As this is inextricably linked to the PTO

system, it is a consideration that must be at the forefront of future development. It

is understood that this phenomena has a non-negligible influence on the performance

characteristics of OWC devices at full-scale, and should be subsequently considered as

the device testing increases in scale. Hence, it is deemed advantageous to conduct fu-

ture investigations to explore how this effect impacts the device performance as results

are extrapolated to full-scale, while also exploring the potential to harness this effect

to improve hydrodynamic absorption capacity of the operational devices.
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� As discussed in Chapter 5, the modular characteristics of the proof-of-concept floating

breakwater/WEC design supports the potential for a multi-unit configurations. Locat-

ing multiple units laterally to create rows of multi-purpose platforms would provide

significant benefits including; environmental protection, energy generation and topside

area, all of which are valuable commodities in the offshore industry. Future works

regarding multi-unit arrays of the floating breakwater/WEC concept should consider

optimisation of unit configurations, coupling design between units and multi-unit moor-

ing analyses. The results of the aforementioned future investigations should culminate

in designs which optimise energy generation, environmental protection capacities and

economic considerations, with aim to beneficially support the expanding offshore in-

dustry.
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Table A.1: Condition Parameters for OWC WEC integrated Floating Breakwater Experiments

Condition
Number

Breakwater
Width (mm)

Device Configu-
ration

Damping
Arrangement

Additional Notes

0 N/A N/A N/A Initial Setup and Mooring Check

1 1200 BW Only N/A

2 1200 BW Only N/A Decay Tests

3 1200 Single LDV 1

4 1200 Single LDV 1 Decay Tests

5 1200 Far LDV 1

6 1200 Intermediate LDV 1

7 1200 Intermediate LDV 1 Decay Tests

8 1200 Close LDV 1

9 1500 Close LDV 1

10 1500 Intermediate LDV 1

11 1500 Far LDV 1

12 1500 Far LDV 1 Decay Tests

13 1500 BW Only N/A

14 1500 BW Only N/A Decay Tests

15 1800 BW Only N/A

16 1800 BW Only N/A Decay Tests

17 1800 Intermediate LDV 1

18 1800 Far LDV 1

19 1800 Far LDV 1

20 1800 Far LDV 1

21 1800 Close LDV 1

22 1800 Far ODV 3 Orifice Plate Used (Quadratic Damping)1

23 1800 Far LDV 2

24 1800 Far ODV 2 Orifice Plate Used (Quadratic Damping)1

25 1800 Far LDV 3

26 1800 Far ODV 1 Orifice Plate Used (Quadratic Damping)1

27 1800 Far LDV 1 Breakwater Fixed (Motion Constrained)

28 1800 Far LDV 2 Incident Wave Angle 10◦

29 1800 Far LDV 2 Incident Wave Angle 20◦

30 N/A N/A N/A Empty Basin Tests - Incident Wave Baseline

31 1800 Single LDV 1

32 1800 Single LDV 5

33 1800 Single LDV 5 Breakwater Fixed (Motion Constrained)

34 1800 Single N/A Non-Damped Condition - Breakwater Fixed

35 1800 Single LDV 1 Breakwater Fixed (Motion Constrained)

36 1800 Far LDV 5

37 1800 Far LDV 1

38 1800 Double LDV 1

39 1800 Double LDV 5

40 1800 Double-Double LDV 1

41 1800 Double-Double LDV 5

1
ODV represents the Orifice Damping Value which corresponds to orifice plates of area ratios,

AOrifice
AOWC

, equivalent to 0.5%, 1.5%

and 5% for ODV 1, ODV 2 and ODV 3 respectively.
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B.1 Methodology

Type A uncertainty, us A, for a measured quantity is derived through Equations (B.1) and

(B.2)

q =

∑n
k=1 qk
n

(B.1)

where qk is the kth reading of the repeated observation, n is the total number of observa-

tions and q is the mean value of the repeated observations. Using Equation (B.1), Type A

uncertainty is

us A = s(q) =
1

n

√∑n
k=1 (qk − q)2

n− 1
(B.2)

where s(q) is the experimental standard deviation of the mean.

For the purpose of this paper, Type B uncertainty, us B, was primarily evaluated for in-

struments using end-to-end calibration data, from which a linear line of best fit was applied

as to follow the methodology outlined in ITTC guideline 7.5-01-03-01 ”Uncertainty Anal-

ysis Instrument Calibration” [234]. Another consideration for Type B uncertainty in this

investigation was the assumed linearity of the pneumatic damping relationship proposed in

Equation (2.2). The uncertainty of this assumed parameter was determined through lin-

ear regression analysis, as in [189], defined as the standard error of estimation as given in

Equation (B.3)

SEE = us B =

√
(yj − ŷj)2

M − 2
(B.3)

where M is the number of calibration points, and yj− ŷj presents the magnitude of difference

between the calibrated data point and the fitted value.

The standard uncertainty, us, of a measurement which is a function of a number of different

quantities is equated to the positive square root sum of the terms. For the purpose of

this experimental uncertainty analysis, we consider the terms to be Type A and Type B

uncertainties as derived through Equations (B.2) and (B.3). Hence, the standard uncertainty

is determined in Equation (B.4).

us =
√
u2
s A + u2

s B (B.4)

Generally, the data reduction equation is not directly measured; rather it is determined
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through N other input quantities (both measured or assumed), for example X1, X2, . . . , XN

via a functional relationship f . Hence

Y = f (X1, X2, . . . , XN ) (B.5)

estimating that,

y = f (x1, x2, . . . , xN ) (B.6)

The combined uncertainty, uc(y), is derived using the law of propagation of uncertainty, which

can be considered the positive square root of the combined variance, u2
c(y), as displayed in

Equation (B.7)

u2
c(y) =

∑N
i=1

(
∂f
∂xi

)2
u2
s (xi) + 2

∑N−1
i=1

∑N
j=i+1

(
∂f
∂xi

)(
∂f
∂xj

)
us (xi, xj) (B.7)

where ∂f
∂xi

are the sensitivity coefficients, us(xi) is the standard uncertainty derived for the

input estimate xi, and us(xi, xj) is the estimated covariance associated with xi and xj [89].

It should be noted that in cases where the estimated quantities xi are not correlated (ie.

independent), the second term of Equation (B.7) can be neglected, however in the event that

the input estimates are correlated, Pearson’s correlation coefficient can be used to determine

the degree of correlation between xi and xj [235].

Finally, the expanded uncertainty, U , can be determined as the product of the combined

uncertainty uc(y) and a coverage factor k. The coverage factor is determined using a Student’s

t-distribution for this investigation [236], giving the final expanded uncertainty with a 95%

confidence interval. Selecting the correct coverage factor is a function of the effective number

of degrees of freedom, which is calculated through the Welch-Satterthwaite formula [237,

238], as presented in Equation (B.8)

vX =

(
u2
c

)2
u2
s A/νus A +

∑M
i=1 u

4
s B(xi)/νus B (xi)

(B.8)

where vX represents the effective number of degrees of freedom; vus A is given as;

νus A = N − 1 (B.9)

and νus B (xi) is estimated through Equation (B.10), as recommended by the ISO guide [239]

νus B (xi) ≈
1

2

(
∆us B(xi)

us B(xi)

)−2

(B.10)
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subsequently, the expanded uncertainty is given through evaluation of Equation (B.11).

U = kuc(y) (B.11)

B.2 Uncertainty in δ

The high uncertainty associated with δ is predominantly attributed with the assumed linear-

ity of the damping relationship between Q and pc. This is illustrated in Figure B.1, which

presents each components proportional attribution to the overall uncertainty associated with

δ, indicating that approximately 50% is associated with the linear assumption. The uncer-

tainty results presented in Section 4.4.1 of Chapter 4 consider LDV 1 damping, which was

the lowest of the tested damping. Orphin et al. [89] found that as damping increased, the

uncertainty associated with δ consequently decreased as the relationship between pc and Q

became more linear. As such, it is assumed that the uncertainty associated with the opti-

mal damping condition, LDV 5, will be substantially less than that presented for the LDV 1

condition investigated.

Figure B.1: Uncertainty proportions of variables associated with δ derivation. Considers the δMid

uncertainty when subjected to an incident wave frequency of 0.8 Hz, correlating to the resonance
frequency of the OWC device.
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[83] I López, B Pereiras, F Castro, and G. Iglesias. “Optimisation of turbine-induced damp-
ing for an OWC wave energy converter using a RANS–VOF numerical model”. In:
Applied Energy 127 (2014), pp. 105–114.
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