
University of Plymouth

PEARL https://pearl.plymouth.ac.uk

04 University of Plymouth Research Theses 01 Research Theses Main Collection

2017

Evaluation of the WEC sub-system of a

hybrid wind-wave energy converter

Perez-Collazo, Carlos

http://hdl.handle.net/10026.1/9485

http://dx.doi.org/10.24382/1113

University of Plymouth

All content in PEARL is protected by copyright law. Author manuscripts are made available in accordance with

publisher policies. Please cite only the published version using the details provided on the item record or

document. In the absence of an open licence (e.g. Creative Commons), permissions for further reuse of content

should be sought from the publisher or author.



 

This copy of the thesis has been supplied on condition that anyone who 
consults it is understood to recognize that its copyright rests with its author 
and that no quotation from the thesis and no information derived from it 
may be published without the author's prior consent. 

 
 





 

 

 
 

 
 
 
 

EVALUATION OF THE WEC SUB-SYSTEM OF A HYBRID WIND-WAVE 
ENERGY CONVERTER 

 
 
 
 

by 
 
 

CARLOS PEREZ COLLAZO 
 
 
 
 
 
 
 

A thesis submitted to the University of Plymouth 
in partial fulfilment for the degree of  

 
 
 
 
 
 
 

DOCTOR OF PHILOSOPHY  
 
 
 
 
 
 
 

Marine Science and Engineering Doctoral Training Centre 
 
 
 
 
 
 

November 2015 
 
 





 

 

Abstract 

Evaluation of the WEC sub-system of a hybrid wind-wave energy converter 

A thesis submitted for the degree of Doctor of Philosophy 

 
Carlos Pérez-Collazo 

Plymouth University, Plymouth 

 
The sustainable development of the offshore wind and wave energy sectors requires 

optimising the exploitation of the resources, and it is in relation to this and the shared 

challenge for both industries to reduce their costs that the option of integrating offshore 

wind and wave energy arose during the past decade. The relevant aspects of this 

integration are addressed in this work, and in particular the evaluation of the Wave 

Energy Converter (WEC) sub-system of a hybrid wind-wave energy converter: the state 

of the art of combined technologies; the definition of a novel hybrid prototype, based on 

a preliminary feasibility analysis of a conceptual proposal; and the evaluation of a 

simplified version of this prototype by means of physical and numerical modelling as a 

mean to set the reference and define new tools and methods for future evaluation and 

optimisation of the prototype. Because of the novelty of combined wave and offshore 

wind systems, fundamental knowledge was lacking - as, for example a comprehensive 

review and classification, which was published as a journal paper framed in the present 

work. In particular, the core of this PhD thesis deals with the WEC sub-system of a hybrid 

device that integrates an Oscillating Water Column (OWC) device into the typical 

monopile substructure of an offshore wind turbine. A new prototype of the hybrid energy 

converter has been proposed, and a patent application was filled. Furthermore, an 

experimental set-up was designed, built and tested at a wave flume. On the basis of this 

experimental campaign the performance of the device is analysed. Finally, a full 3D-

numerical mirror of the experimental set-up, including the hybrid energy converter, is 

defined and validated, and the flume enclosure effects studied for regular waves. 
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1.1. Marine Energies 

Wave and offshore wind energy are amongst the renewables with the greatest 

potential, and both are part of the Marine Renewable Energy (MRE) family, which are 

expected to represent an important part of the EU electricity mix satisfying 50% of the 

European electricity demand by 2050 EU-OEA (2010), (Jeffrey and Sedgwick, 2011). 

Furthermore, the sustainable development of marine energies (offshore wind and ocean 

energies) may make an important contribution in the coming years to achieving the goals 

of a low carbon economy by 2050. 

Offshore wind energy is defined as the energy generated from the wind at sea. 

Whereas that ocean energy is the energy present in oceans and other water bodies in 

form of: waves, marine currents, tides, ocean thermal energy gradients and salinity 

gradients. Sharing the same hostile sea environment, wave and offshore wind energies 

face similar challenges. However, their level of technological development is not the 

same, while offshore wind is a proven technology – i.e., offshore wind represented a total 

of  3.8 GW of installed capacity in Europe and employing 35,000 people directly and 

indirectly at the end of 2011 (EWEA, 2012, Moccia et al., 2011) - wave energy is still at an 

early stage of development. 

The sustainable development of both offshore wind and wave industries requires a 

proper use of the natural resources, optimizing its exploitation where present. And it is 

in relation to this and on the shared challenge for both in reducing cost that the option 

to integrate these energies arises. In addition to these main reasons to consider the 

combination of wave and offshore wine energy systems there are a number of other 

synergies which arises when their combination is considered (Perez-Collazo et al., 2015). 

The project or technology synergies for combined wave-wind projects can be drafted as 

follows: 

 Enhanced energy yield. 

 Better predictability. 

 Smoothed power output. 
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 Common grid infrastructure. 

 Shared logistics. 

 Common substructure or foundation systems. 

 Shared Operation and Maintenance (O&M). 

 Shadow effect. 

 Environmental benefits. 

The use of the same space for both technologies may present some disadvantages, 

such as: 

 Longer development times. 

 Insurance. 

 Accident or damage risk. 

 Site-selection compromise. 

However, these disadvantages represent also an opportunity to define new research 

and technological challenges, and with further development and innovation could lead 

to a technological improvement. 

The combined exploitation of wave and offshore wind energy is a very recent research 

topic, a limited number of papers draw on their combination being these mostly focused 

on the resource assessment and potential of a combined wave–wind energy extraction 

(Veigas and Iglesias, 2014, Fusco et al., 2010) or the grid integration issues of a combined 

electric production (Lund, 2006, Stoutenburg et al., 2010). Some seminal publications 

which are mainly focused on either the combined electricity production, from the point 

of view of grid management (Cradden et al., 2011, Li et al., 2011a, Li et al., 2011b), either 

the proposal of new alternatives to combine the exploitation of wave–wind energies - i.e., 

energy islands or hybrid wave–wind energy converters (de Boer et al., 2007, Perez and 

Iglesias, 2012b, Perez and Iglesias, 2012a). Nevertheless, most of the work carried out in 

the last few years on combined wave–wind energy has been done by some EU funded 

research projects (MARINA Platform, 2014, ORECCA, 2012, TROPOS, 2015, H2OCEAN, 

2015, MERMAID, 2015) which try to enhance the industrial and scientific collaboration 
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to develop a more sustainable energy. Furthermore, some additional works have been 

published on co-located wave and offshore wind systems such as: (Astariz et al., 2015b, 

Astariz et al., 2015c, Astariz et al., 2015a, Astariz et al., 2015d). 

1.2. Motivation and Objectives 

Although the construction of the first offshore wind farm dates back to 1990, the field 

of offshore wind energy can be still considered an emerging sector. However, in recent 

years there has been a boom in the sector, led by northern European countries such as 

UK, Germany, Denmark, etc. To make the sector develop in a sustainable manner 

requires significant technical and scientific advances in multiple areas, such as: electrical 

connections, wind resource analysis, novel foundation concepts, marine operations and 

Operation & Management (O&M) (Esteban et al., 2011). 

In recent years, a better utilization of marine energy resources has started to be 

considered, creating a strong opportunity to develop new hybrid or multiplatform 

systems. Systems that allow the use of other resources available in the same marine 

space, such as: tidal and wave power; marine geothermal; and aquaculture. However, to 

develop these solutions requires advances in several aspects, such as: integration of 

existing ocean energy technologies on already existent offshore wind substructures; 

development of novel substructure's concepts; adaptation of Wave Energy Converters 

(WECs) to be integrated with wind turbines; development of novel control techniques; 

development of energy storage systems; increased the understanding on how devices 

interact between each other; development of novel combined wind-wave farm planning 

and management; etc. 

Among the ocean energies suitable to be integrated with offshore wind turbines are 

tidal, geothermal or wave energy. But it is wave energy the one that has stronger 

synergies. Therefore, it is the aim of this research to proceed with the “Evaluation of the 

WEC sub-system of a hybrid wind-wave energy converter”. For that, this PhD thesis 

tackles the issue of integrating wave energy into offshore wind, and in particular the 

evaluation of the WEC sub-system of a hybrid device, which integrates an Oscillating 
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Water Column (OWC) type of WEC with an offshore wind turbine monopile 

substructure. 

1.2.1. Identification of research issues 

On the basis of the literature review, conducted during this thesis, the following 

research issues have been identified: 

The first issue concerns to the hybrid wind-wave energy converter concept by itself. 

The novelty of this research line has been supported by different prototype proposals and 

some EU funded research projects, e.g., (ORECCA, 2012) and (MARINA Platform, 2014) 

EU FP7 funded projects; “Poseidon” and “Wavetrader” are examples of prototype 

proposals (Floating Power Plant AS, 2016, Power-technology.com, 2010). However, 

most of the proposals up to now have considered floating solutions. Instead, for this 

research a bottom-fixed solution is investigated. 

The second issue, despite the fact that offshore wind energy is a consolidated 

technology amongst the renewable energy technologies; is still a relatively new player. 

This makes that there are a remarkable range of different sub-systems which are prone 

to be improved (as discussed in Chapter 2). For the purpose of this research, the most 

important of these sub-systems is the substructure, where there is not a unified approach 

yet. This diversity of substructure types plays a dual role for this research. On one hand, 

as a barrier due to the luck of a common standard – i.e., meaning that a wide range of 

systems should be considered to proceed with the integration. On the other hand, this 

lack of a unified system makes it easier to come up with new concepts, including 

multipurpose platforms. 

The third issue concerns the development of a new WEC. During the last decade, 

some proven techniques and guidelines have been proposed, including: (HMRC and 

Marine Institute of Ireland, 2003, Nielsen, 2003, Payne, 2008). However, there are still 

many uncertainties that should be considered during the design and development phases 

of a novel WEC. To reduce these uncertainties a combined two-fold modelling process, 

using both physical and numerical modelling, has been applied. First, a simplified 

version of the Hybrid wind-wave device is modelled in a wave flume. Then, data from the 
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physical model are used to validate a numerical model which then is used to understand 

the behaviour of a more complex version of the hybrid device. 

The fourth issue is related to the type of OWC proposed in this work. The one 

considered for this research is based on an offshore fixed structure. Therefore, the design 

of this new prototype should take into account this fact. Furthermore, the results must 

be compared with existing data from other previously studied OWCs, but keeping in 

mind the differences. 

The fifth issue is related with the physical modelling. A physical modelling campaign 

has been performed using a simplified version of the proposed hybrid wind-wave energy 

converter, in order to: i) develop the required set of tools necessary to evaluate the 

performance of the WEC sub-system of the hybrid device; and ii) obtain the data to 

validate the numerical model. For this purpose, the physical modelling campaign has 

been divided into 5 different series, studying different wave conditions - i.e., regular 

linear waves, regular non-linear waves, irregular waves for a JONSWAP spectrum, a 

spectral shape analysis between a Pierson Moskowitz and a JONSWAP spectra and a 

wave period influence analysis for a JONSWAP spectrum. 

Finally, the sixth issue is linked with the Computational Fluid Dynamics (CFD) 

numerical modelling of the hybrid device. A second step on the analysis of this hybrid 

device goes through the numerical modelling, which compares a similar numerical 

arrangement to the one tested on the physical experiments. To proceed with this part of 

the research Star-CCM+, a state of the art software for CFD simulations is used. 

Moreover, a 3D numerical model of the set-up recreating the wave flume and the sensors 

used in the physical test campaign is used to achieve a correct validation of this numerical 

model based on its comparison with the physical data. Finally, a modified numerical 

model, where the domain width is extended, is used to study the effects of the flume 

enclosure on the performance of the hybrid device. 

In addition to these seven research issues, during the literature review was also 

detected a lack of publications presenting a general overview of the different combined 

wave and offshore wind possibilities, including those making use of the bottom-fixed 
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offshore wind technology which is currently of commercial interest. A journal paper, 

reviewing the different alternatives for combining wave and offshore wind energy has 

been published as part of this thesis (Perez-Collazo et al., 2015). The main aim of this 

paper is to give a complete view of the possibilities and current limitations of combined 

wave and offshore wind systems. The publication of this new review paper has been the 

main reason to split the state of the art part of this thesis into two different chapters, in 

order to facilitate to the reader the differentiation between the review of the combined 

wave and offshore wind energy systems (Chapter 2) and the review of the OWC 

technology (Chapter 3). 

1.2.2. Research objectives 

The identification of the research aims in the previous sub-section helped to define 

the framework for the present thesis, and also to identify its primary and secondary 

objectives. 

The research methods and tools employed at the present work included a physical 

modelling of a simplified version of the WEC sub-system of the hybrid device in a wave 

flume and a full 3DCFD numerical model of the hybrid wind-wave energy converter. For 

the numerical model of the device, a Reynolds Averaged Navier-Stokes Volume Of Fluids 

(RANS-VOF) numerical model has been implemented using Star-CCM+. The physical 

modelling data are compared with the numerical results to validate the model and 

further analyse its performance under different scenarios. A more detailed description of 

the research methods is presented in Chapter 5 and Chapter 7. 

1.2.2.1. Primary objectives 

On the basis of the previous framework and the research aims exposed above, the 

following primary objectives of the present thesis were set as follows: 

─ Review the different alternatives for combining wave and offshore wind energy; 

─ Explore the hybrid wind-wave concept by means of an initial feasibility analysis 

and a techno-economic assessment; 

─ Define the WEC sub-system for a hybrid wind-wave energy converter; 
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─ Define the development program for the proposed hybrid converter; 

─ Frame the work conducted in this thesis within the development program of the 

proposed device; 

─ Design a scale model of the WEC sub-system prototype to perform a physical test 

campaign; 

─ Test a scaled model of the WEC sub-system, to get an initial validation of the 

converter and to define a set of tools for its further evaluation and optimisation; 

─ Validate a 3D RANS-VOF numerical model of the device using Star-CCM+; and 

─ Study the effects of the tank enclosure on performance of the device. 

1.2.2.2. Secondary objectives 

As with the primary objectives, the research framework and aims were considered to 

define the following secondary objectives: 

─ Define a novel classification for the combined wave-wind systems; 

─ Determine a realistic set of wave conditions for the model to be tested; 

─ Design the WEC sub-system of the hybrid model and the set-up for the physical 

modelling test campaign; 

─ Perform an Incident and Reflected Wave Analysis (IRWA) on the nearby of the 

hybrid model; 

─ Determine the Power and CWR matrices of the device; 

─ Determine the RAOs of the device; 

─ Study its performance under different PTO damping conditions; 

─ Study the run-up at the hybrid model; 

─ Study its performance under regular linear and non-linear waves; 

─ Study its performance under irregular waves; 

─ Verify the capability of Star-CCM+ to model a 3D model of the physical set-up to 

obtain comparable numerical data; 

─ Define a numerical mirror of the physical modelling set-up, reproducing the wave 

flume, the sensors and the model; and 
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─ Evaluate different grid and CFD model configurations to optimize the simulation 

times. 

1.3. Overview of the thesis 

This thesis has been structured as follows: 

Chapter 2 presents a review of the technologies for a hybrid wave & offshore 

wind energy. First, an overview of the wave, wind and combined wave-wind 

resource, potential and sustainability is presented to set the necessary context. 

Secondly, a review of the offshore wind technology is presented, with special 

attention to the substructure part. Thirdly, a review of the wave energy 

technologies is presented. Finally, a review of the state of the art of the research 

in combined wave-wind energy technology and a novel classification to group the 

different technologies is presented. 

 Chapter 3 presents the literature review of current and previous works on the 

OWC technology. First, an overview of the OWC technology is presented, this 

review is done by showing special attention to the OWC chamber, turbine and 

control strategies. Secondly, a necessary review of the literature to showcase 

previous works on OWC prototypes is presented. Fourthly, attention has been 

shown also to the processes and considerations needed to model an OWC and its 

air turbine. Finally, an overview of the most relevant research carried out about 

OWCs is presented, giving special attention to the research focused in physical 

and numerical modelling of OWCs. 

 Chapter 4 presents the hybrid concept, describing and assessing the main 

characteristics of the hybrid prototype proposed in this thesis. First, outlines the 

main concepts that should be taken in consideration when addressing the 

feasibility of a hybrid wind-wave concept. Secondly, the definition of the 

conceptual design of a hybrid wind-wave energy converter is defined, where an 

OWC is considered for the WEC sub-system. Finally, the development process for 

the prototype to be a reality is presented and the work carried out in this thesis 
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framed within this process. 

 Chapter 5 presents the first part of the physical modelling, defining the 

materials and methods used during the experimental campaign. First, the 

experimental facility is described. Secondly, the physical model used for the tests 

is described. Thirdly, the instrumentation used to monitor and record the 

appropriate physical parameters during the experiments is presented. Fourthly, 

the experimental methodology followed to conduct the experimental campaign is 

described. Finally, the experimental programme is defined. 

 Chapter 6 presents the second part of the physical modelling, defining how the 

data analysis was done and presenting the experimental results and its 

discussion. First, a description of the data analysis techniques used at this chapter 

is presented. Secondly, the experimental results for regular waves are shown and 

discussed. Thirdly, the experimental results for irregular waves are presented and 

discussed. Finally, a repeatability test series for regular and irregular waves was 

analysed to ensure the quality of the experimental set-up. 

 Chapter 7 presents the numerical modelling part of this thesis. Frist, a 3D-

numerical wave flume based on a RAN-VOF model is defined as a mirror of the 

wave flume used at the physical modelling experimental campaign. Secondly, the 

numerical mirror is optimised and validated for regular linear waves. Finally, the 

influence of the flume enclosure on the performance of the model is studied by 

increasing 5 timed the width of the numerical model. 

 Finally, Chapter 8 concludes with a general view of the conclusions found 

during the thesis and presents and outlook to future research needs. 

There are also six Appendixes to the thesis: 

 Appendix A contains additional concepts to the physical modelling chapter 

 Appendix B contains detailed plans of the experimental set-up and model; 

 Appendix C contains the different filter methods used in this thesis 

 Appendix D contains additional data to Chapter 6; 
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 Appendix E contains additional concepts to the numerical modelling chapter; 

and 

 Appendix F contains additional data to Chapter 7. 
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2.1. Introduction 

This chapter goes through the necessary review of the wave and offshore wind energy 

technologies, resource, potential, sustainability and their combination alternatives. This 

is based on the revision of the state of the art of the related research. Parts of this chapter 

have been previously reproduced in Perez-Collazo et al. (2015), Perez & Iglesias (2012a) 

and Perez-Collazo et al. (2013). 

Section 2 of this chapter reviews the resource, the potential and the sustainability for 

the wave, offshore wind and the combination of both energies. The synergies between 

both energies are outlined in Section 3. Section 4 goes over the review of the previous 

works on combined wave and offshore wind. The various options to combine wave-wind 

systems are classified in Section 5. The offshore wind technology and its development 

status are reviewed in Section 6, with a special emphasis to the substructure systems. 

Section 7 looks at the different wave energy technologies and their development status. 

Finally, Section 8 presents the conclusions of the chapter. 

2.2. Resource, potential and sustainability 

2.2.1. The resource 

Marine energies, and especially offshore wind and waves, are amongst the 

renewables with the greatest potential. In the European coasts the available energy 

power is about 350 GW for wind and 320 GW for waves (considering the NE Atlantic and 

Mediterranean). This represents 50% for Wind, 46% waves and the remaining 4% for 

tidal (Bahaj, 2011, Jeffrey and Sedgwick, 2011, EU-OEA, 2010). Nevertheless, is at the 

North Atlantic coasts and at the North Sea (Figure 2.1.), where Europe has its strongest 

and more valuable wind and wave energy resources. 

The best wave conditions for exploitation as an energy resource are found in 

medium-high latitudes and on deep waters (more than 40 m), reaching power densities 

of 60-70 kW/m. Moreover, about 2% of the world's 800,000 km of coastline exceed a 

power density of 30 kW/m, with a technical potential of about 500 GWe based on a 
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conversion efficiency of 40% (Bahaj, 2011). The total European wave energy resources 

are estimated to be 1,000 TWh/yr. while globally wave energy can produce 2,000-

4,000 TWh/yr. In the European north-eastern Atlantic (including the North Sea), the 

available wave energy power resource is about 290 GW and for the Mediterranean 

30 GW (Bahaj, 2011, Jeffrey and Sedgwick, 2011). 

 

  

Figure 2.1: European offshore wave energy resource. Source: (AQUARET, 2012). 

Like with waves, most windy areas are normally found in medium-high latitudes, 

however the wind resource is highly affected by local atmospheric effects. This means 

that normally the offshore wind resource is present at the west coastal areas of the north 

hemisphere countries and at the east one in the southern hemisphere. Nowadays, Europe 

has its strong offshore wind energy potential at the shallow waters of the North Sea, proof 

of it has been the development of this industry during the last couple of decades at this 

basin. Furthermore, the deep waters of the European Atlantic coast - where the strongest 

potential of European waters is present - are the right scenario for the development of 

the next generation of floating wind turbines. 

2.2.1.1. The combined wave-wind resource in Europe 

The EU FP7 Co-ordinated action project ORECCA has published a site selection 

analysis for offshore combined resources in Europe (Serri et al., 2012). This report 

divides the European waters into three main sea basins: Mediterranean Sea, North and 

Baltic Seas and the Atlantic Ocean. 
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The Mediterranean 

This is a close sea with deep waters, which results in marine energy resource in this 

sea basin being too weak for a viable conversion and consequently, the combined 

wave and wind energy resource is also weak and is mainly restricted to three possible 

sites, (as it can be seen in Figure 2.2): the French Blue Coast, the Sicily Straight 

(between Sicily and Tunisia) and the Greek islands. 

 

 

Figure 2.2: Mediterranean Sea combined marine energy resource and potential sites. Being level 1 the scenario with 
the lowest combined wins-wave resource and level 6 the one with the greatest combined resource. Source: 

(ORECCA, 2012). 

 

The North and Baltic 

During recent years, these basins have had special relevance for the development of 

the offshore wind industry, especially the North Sea. Some of the characteristics that 

have contributed to this development are: its shallowness (its average depth is 95 m), 

its good wind resources (predominantly from the north), the fact that it is surrounded 

by some of the most industrialised areas on the world and that there is already an 

offshore oil and gas industry operating in it (Royal Belgiam Institute of Natural 

Sciences, 2012). 

The conditions for the development of the other marine energies, especially wave 

energy, are relatively favourable. Furthermore, the combined wave and wind energy 
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resource is also relevant, and the fact that most of the wind farms are placed in 

shallow waters, can contribute to the initial development of the hybrid technologies. 

The combined resource is restricted to three main zones (Figure 2.3): The North East 

Scotland, South West of Norway and the West coast of Denmark. 

 

 

Figure 2.3: North and Baltic Seas combined marine energy resource and potential sites. Being level 1 the scenario 
with the lowest combined wins-wave resource and level 6 the one with the greatest combined resource. Source: 

(ORECCA, 2012). 

 

The North-East Atlantic 

This is an oceanic basin, and its main characteristic is that the water depth at its 

coasts goes quickly into deep water ranges (reaching more than 100 m of depth at a few 

miles from the coast line). This sea basin has the best marine energy resources in Europe, 

with strong winds, fastest tidal stream currents and highest waves. However, the deep 

water condition of its coasts it is a strong barrier for the development of these 

technologies. Therefore, it is expected that this sea basin will be exploited by a future 

generation of floating wind turbines and floating combined multiplatform systems. The 

combined wave and wind energy resource is widely distributed, and practically all of the 

Atlantic Arc is covered with possible combined sites (Figure 2.4). 
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Figure 2.4: Atlantic Ocean combined marine energy resource and potential sites. Being level 1 the scenario with the 
lowest combined wins-wave resource and level 6 the one with the greatest combined resource.  Source: (ORECCA, 

2012). 
 

2.2.2. Potential and sustainability 

Harnessing this huge natural resource needs the consequent technological 

development, and as with other renewable energies, requires some relevant targets. On 

this line, the offshore wind industry and some EU countries have committed serious 

targets to develop the offshore wind energy, and they estimate an installed capacity in 

Europe of 40 GW by 2020 and 460 GW by 2050 (Arapogianni et al., 2011, Jeffrey and 

Sedgwick, 2011). On the same line, the Ocean Energy sector (wave, tidal stream, tidal 

barrage, salinity gradient and OTEC) has assumed the objective to achieve an installed 

capacity in Europe of 3.6 GW by 2020 and 188 GW by 2050 (EU-OEA, 2010). 
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The offshore wind sector is more mature and developed than the wave energy one, 

however, synergies between wave and wind technologies are strong and with interesting 

benefits, and this is where the hybrid or co-located solutions can play a relevant role. 

Taking advantage of the maturity of the wind sector, installing hybrid parks or platforms 

could act as an accelerating factor for the technological development of wave energy. 

In an international context, in countries such as: USA, Canada and Australia, there is 

also technological background, with some technology developers and also some planned 

projects. Moreover, more recently new players such as China, Japan and Korea are 

showing strong interest in wave and offshore wind energies, starting and supporting new 

research and development projects (Tzimas et al., 2011). 

The sustainability of marine energies can be raised on three main aspects (ecologic, 

economic and social): 

2.2.2.1. The environment side 

As other renewable energies, wave and offshore wind are carbon clean energies. This 

means that generating electricity from wind and waves will contribute to a reduction on 

the CO2 emissions, contributing as well to mitigate the greenhouse effect. Another 

positive environmental impact is that the deployment of wave energy converters on 

arrays could contribute to reducing the coastal erosion due to the reduction in the wave 

height by the WECs (Abanades et al., 2015). Finally, the combination of both energies 

will also generate a positive impact by itself, as the impact of different offshore energy 

parks is bigger than the impact of a combined one. 

Nevertheless, wave and wind energies are new players on the marine environment 

and their effects on it are still in many cases as yet unknown. In this sense, during last 

few years a large research effort has been done on evaluating the offshore wind impacts 

(European Commission, 2011). Another case is the wave industry where more research 

should be carried out to get a better understanding of its possible effects on the 

environment, in this line the EU funded project SOWFIA (SOWFIA, 2013) have 

developed some standard guidelines for environmental impact procedures. 
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2.2.2.2. The economic point of view 

Wave and wind energies are called on to play an important role in the European 

economy by 2050. Nevertheless, the offshore wind industry is already starting to play 

this role with a total installed capacity in Europe at the end of 2015 of 11.027 GW (EWEA, 

2016). Support for these renewable energies from governments and industry, linked with 

a cost reduction policy would be the fundamental elements to allow Europe’s offshore 

renewables industry to become the world’s leader. This leadership would allow them to 

play in a strong position on a global market that is likely to have an important role in the 

future global economy. 

2.2.2.3. The social aspect 

The development of an offshore renewables industry will result in a significant job 

creation for the European Economy (Jeffrey and Sedgwick, 2011). But more than on the 

direct job creation the strong potential that wave and ocean energies have to develop or 

restructure the maritime economy should also be considered. In this way, the shipyard 

industry, the fishing communities, and the oil and gas auxiliary industry could be the 

greatest beneficiary of marine energies development, acting as a growth factor for those 

coastal industries. An example of this potential could be the adaptation of shipyards as 

wave energy manufacturers, or conversion of fishermen to become operation and 

maintenance personnel. 

2.3. Synergies 

The wave and offshore wind industries share the same hostile marine environment 

and face many administrative and technological barriers. Moreover, a sustainable 

exploitation of the marine natural resources, together with the requirement for both 

industries to reduce costs, provides the incentive for combining the exploitation of waves 

and offshore winds. This scenario, where wave and offshore wind energy are combined, 

is advantageous on account of not only the cost reductions that would ensue, but also the 
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synergies between these technologies, which can be divided into two main groups: 

legislative synergies and project or technology synergies. 

2.3.1. Legislative synergies 

The following marine uses are susceptible of combinations of one sort or another: 

offshore wind energy, wave energy, tidal energy, marine biotechnology or deep sea 

mining. New actors in the maritime sector (European Commission, 2014, European 

Commission, 2012), these activities are poised to play a significant role in the maritime 

economy in the next few decades. They will coexist as parts of a sector where the absence 

of a common or unified regulation makes it very difficult to develop new initiatives. 

However, there are some key legislative areas where the combination of some of these 

actors will lead to strong synergies, such as: 

A common regulatory framework 

Like other renewable energies, marine energy projects have long return investment 

periods, and face relevant energy costs in their early development stage; for this reason, 

their development is based on strategic decisions and political commitments such as: 

investment priorities, and national or EU energy targets. A clear and stable framework 

fixing objectives, providing a political support and a stable legislative background would 

contribute to obtaining a stable environment to develop marine renewables. An example 

of successful legal regulatory framework is that developed in the UK during the last 

decade, which has brought the country to lead the ORE industry. In this sense it is 

noteworthy the influence that Energy Act 2004 (Britain, 2004) and the Climate Change 

Act 2008 (Britain, 2008) had on the sector, acting as a trigger and the key incentive for 

the UK ORE sector. 

Maritime spatial planning 

Traditionally the marine and maritime sectors have been characterised by the 

absence of a coordinated planning, as opposed to what happens onshore where 

coordinated regulations and planning have been in place for many years, e.g., land use 

planning, mining exploitation concessions and natural protected areas. However, in the 



Chapter 2: Combined Wave & Offshore Wind Energy: A Review of the Technology 

- 23 - 

last years some EU initiatives such as the Maritime Spatial Planning or the Integrated 

Coastal Protection Management (European Commission, 2013) are starting to consider 

that the coordinated planning over the marine and coastal space, integrating their 

resources and uses is crucial to ensure a sustainable development. Notwithstanding, due 

to the similarities between marine energies, the possibility of their combination would 

be a strong synergy to advance their development. 

Simplified licensing procedure 

As other emerging technologies, marine energy developers face the lack of experience 

in, and knowledge of, the licensing procedures on the part of public authorities, which 

results in long consenting periods —in particular regarding the environmental impact 

assessment, which in some cases could be delayed for years until the final approval for 

an in-site deployment. Due to the similarities between marine energies, unifying the 

consenting procedures under the same regime through standard and simplified 

procedures could signify a combined advantage. In this respect, the Intelligent Energy 

for Europe SOWFIA project has produced a set of recommendations and in-depth 

analysis on wave energy licensing procedures impact assessments and public 

consultation procedures in Europe (Greaves et al., 2013, SOWFIA, 2013). 

Infrastructure planning 

Electric grid and auxiliary infrastructures are crucial when it comes to offshore 

developments. Therefore, a proper planning of these infrastructures will be fundamental 

for the development of marine energies such as combined or separate developments. 

2.3.2. Project or technology synergies 

At a project or technology level the combination of marine energies gains momentum 

as a real alternative. This is supported by a number of synergies ranging from an increase 

in the energy yield to a reduction in the operation and maintenance cost. Based on the 

work by (Perez-Collazo et al., 2013, Casale et al., 2012) the project or technology 

synergies can be defined as follows: 
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Enhanced energy yield 

The combination of marine energies will increase the global energy yield per unit area 

of marine space and thereby contribute to a better use of the natural resources. 

Better predictability 

The wave resource is more predictable and less variable than the wind resource 

(Fernandez Chozas et al., 2012b), and the combination of both will reduce the system 

balancing costs, as seen in (Fernandez Chozas et al., 2012a, Fernandez Chozas et al., 

2013). 

Smoothed power output 

For the same weather system, the wave climate peaks trail the wind peaks. Hence, a 

combined exploitation will result in a reduction of sudden disconnections from the 

electric grid, an increase in availability (thus reducing the number of hours of non-

activity) and a more accurate output forecast (Fernandez Chozas et al., 2013). 

Common grid infrastructure 

The electric grid infrastructure represents one of the most important costs for an 

offshore project – up to one third of the entire project (Musial and Ram, 2010). 

Therefore, the combined production of electricity using a shared grid infrastructure 

would become an important factor in reducing energy costs. 

Shared logistics 

The dimensions and special characteristics of offshore renewable energy projects 

require the use of expensive specialist marine equipment and facilities, such as port space 

or installation vessels. A combined project where these are shared would also contribute 

to reduce costs. 

Common substructure or foundation systems 

Where possible, the combination of wave and offshore wind technologies on the same 

structure, on hybrid platforms or systems, would signify an important reduction in the 

cost of the substructures compared with separate projects. 
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Shared operation and maintenance (O&M) 

The use of common installations of specialist technicians for both energies would 

represent an important cost reduction. 

Shadow effects 

It is clear that the energy extraction of an array of WECs creates a wake that modifies 

the local wave climate by reducing the mean wave height, - shadow effect (Carballo and 

Iglesias, 2013). Combining WECs and offshore wind parks at the same location, in a way 

in which this shadow effect can be used to obtain a milder wave climate inside the park 

(with the proper design, e.g., by locating the WECs along the perimeter of the offshore 

wind park), may lead to more weather windows for accessing the wind turbines for O&M, 

and to reduced loads on the structures. 

Environmental benefits 

The combined option presents an important advantage in environmental terms in 

that it is likely to have a reduced impact (relative to independent installations), leading 

to a better utilization of the natural resources. Moreover, this could result in a transfer 

of knowledge on the environmental impacts from one sector to another. 

2.4. Review of previous works on combined systems 

During the last few years numerous scientific and public reports have acknowledged 

that the co-located marine energies and multipurpose platforms are real alternatives, 

concluding that technical and scientific advances are expected in this way. Most of these 

were EU funded projects, which try to enhance the industrial and scientific collaboration 

to develop a more sustainable energy. 

Furthermore, there are some research publications about the integration of marine 

energies and offshore wind, such as (Fernandez Chozas et al., 2012a) where the 

combined production of a real full scale wave and wind energy generators are studied 

and also their effects on the electric grid. Also, a large number of concepts including 

energy islands and multiplatform devices where marine energies, offshore wind and 
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aquaculture have been proposed during the last decade - a table summarizing these 

concepts can be found in (Casale et al., 2012). Some of the most representative research 

projects and conceptual proposals are presented next: 

ORECCA Project 

This was an EU funded project through the 7th European Framework Programme 

(FP7). The objective of this project was to increase a framework of knowledge sharing 

leading to innovative, cost-efficient and environmentally-friendly offshore energy 

conversion platforms and to develop a roadmap for research activities in this context 

(ORECCA, 2012). In relation with the co-location of marine energies and offshore wind, 

and especially wave and wind, they have carried out a renewable energy offshore resource 

evaluation, identifying the relevant European sites to develop those co-located energies. 

This resource estimation and site identification has been taken into account before (see 

Section 2.2). 

MARINA Platform Project 

This was another EU funded project under the FP7 programme. The objective of the 

MARINA Platform projects was to establish a set of equitable and transparent criteria 

for the evaluation of multi-purpose platforms for MRE and to come up with engineering 

tools that would allow an easy evaluation of future multipurpose concepts (MARINA 

Platform, 2013a). Moreover, with the result of these tools some multipurpose concepts 

are being studied by the project and some initial tests were performed on some 

preliminary concepts of new multipurpose MRE platform designs. 

TROPOS Platform Project 

This was another EU funded FP7 project, started in 2012 and which main objective is 

to develop a modular floating platform, adapted to deep waters, and focused on 

Mediterranean, subtropical and tropical regions. This multipurpose floating platform 

would be able to integrate a wide range of possible sectors, from: MRE, food 

(aquaculture) resources, maritime transport (as a hub for goods and as a refuelling 

station) and the leisure sector (TROPOS, 2015). 
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H2OCEAN Project 

This was another EU funded FP7 project started in 2012. The main objective of the 

H2OCEAN project was to develop a flexible design for a multi-component and 

multipurpose wind-wave farm based platform. The project has tackled different 

technology aspects of multipurpose platforms, such as: hydrogen generation in open-sea 

from renewable sources, fresh water production, electricity generation, and support to 

aquaculture and communications (H2OCEAN, 2015). 

MERMAID Project 

This was another EU funded FP7 project started in 2012, which main objective was 

to develop concepts for the next generation of offshore platforms which are aimed to be 

multipurpose platforms. The project looked on how to combine a wide set of marine 

technologies, such as: energy extraction, aquaculture and platform related transport 

(MERMAID, 2015). 

 

Figure 2.5: Aerial picture of the Poseidon P37 device deployed at sea. Source: (Floating Power Plant AS, 2016). 

Floating Power Plant AS 

Floating Power Plant (FPP) is a Danish company developing the Poseidon, a floating 

wind-wave device. Poseidon consist on a floating platform that integrates an array of 

oscillating bodies type of WEC. Each one of the WEC buoys is capable of generate energy 

by an independent PTO system. The P37 (Figure 2.5), a 37 m 1:6 scale version of the 

Poseidon device, was deployed at the lee of a DONG Energy’s offshore wind farm in 
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Onsevig, Denmark, where its sea trials were carried out from late 2009 until August 2014 

(Floating Power Plant AS, 2016). 

LEANCON Wave Energy AS 

LEANCON Wave Energy is a Danish start-up developing the Multi Absorbing Wave 

Energy Converter (MAWEC). This uses waves to generate a set of positive and negative 

pressure gradients, on a number of chambers along its structure, to generate and air flow 

and make a turbine rotate. The company has proposed the possibility to integrate their 

device with a wind turbine (LEANCON Wave Energy, 2016). 

NEMOS GmbH 

NEMOS is a German company proposing a hybrid wind-wave system based on an 

oscillating body connected to the seabed by three ropes (Figure 2.6). The floater, excited 

by waves, transmits the mechanical energy to a generator which is positioned at an 

offshore structure. The company proposes that the main assembly of the NEMO-system 

will be integrated to an offshore wind foundation (NEMOS GmBH, 2015). 

 

Figure 2.6: A representation of the NEMOS-system. Source: (NEMOS GmBH, 2015). 

Wave Dragon AS 

Wave Dragon is one of the wave energy developers that have been active from a longer 

time. This is an overtopping type of WEC, which generates electricity from the potential 

energy of a mass of water stored on a reservoir above the mean sea level (see section 

2.7.1.3 for more details about overtopping WECs). In its original patent, from 1996, Wave 
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Dragon included the possibility of combining up to two wind turbines (Figure 2.7), 

however, non-further research has been carried out this direction. 

 

Figure 2.7: Wave Dragon and wind turbines illustration. Source: (Friis-Madsen, 1999). 

 

Wave Star AS 

Wave Star is one of the leaders in wave energy generation, with a full-scale 

operational wave energy converter in Denmark. Moreover, they are also supporting a 

conceptual design of their solution installed as a hybrid platform together with an 

offshore windmill (Figure 2.8). 
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Figure 2.8: Conceptual design of an offshore hybrid platform with Wavestar. Source:(Wave Star AS, 2012). 

Wave Trader Ltd 

The Wave trader is a specific wave and wind offshore hybrid concept. This solution 

integrates a WEC based on an oscillating body technology (see Section 2.7.1.2) on a 

bottom-fixed offshore windmill (Figure 2.9). 

 

 

 

Figure has been removed due to Copyright restrictions. 

 

 

 

Figure 2.9: A representation of the Wave Trader hybrid energy concept. Source: (Power-technology.com, 2010). 

Other previous works on combined systems. 

O'Sullivan (2014) studies a hybrid wind-wave energy converter including a multi-

Mega-Wat wind turbine and platform with an array of OWC type of WECs. Astariz and 

Iglesias (2015b) studies how the shadow effect of a co-located wind-wave farm affects the 

overall cost of the combined energy, and later develops a methodology for the selection 

of optimum locations for co-located farms (Astariz and Iglesias, 2016c, Astariz and 

Iglesias, 2016b). 



Chapter 2: Combined Wave & Offshore Wind Energy: A Review of the Technology 

- 31 - 

2.5. Combined wave-wind systems 

It is clear that strong synergies between wave and offshore wind technologies exist, 

as discussed above, and that the combined harnessing of offshore wind and wave energy 

presents a great potential of development. This is supported by the different projects or 

concepts reviewed also above. Combined wind-wave systems can be classified according 

to their technology, water depth (shallow, transition or deep water), and relative location 

to the shoreline (shoreline, nearshore, offshore). In this thesis the classification proposed 

by (Perez-Collazo et al., 2015) is considered (Figure 2.10), which is based on the degree 

of connectivity between offshore wind turbines and WECs; it distinguishes: co-located, 

hybrid, and island systems. 

 

 

Figure 2.10: Classification of combined wave-wind technologies. Source: (Perez-Collazo et al., 2015). 

 

2.5.1. Co-located systems 

They are the simplest option at the current stage of development of wave and offshore 

wind technologies, co-located systems combine an offshore wind farm with a WEC array 

with independent foundation systems but sharing: the same marine area, grid 
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connection, O&M equipment and personnel, port structures, etc. In general, these co-

located systems are based on an offshore wind farm, either bottom-fixed or floating. No 

major technology developments are required, and the integration consists essentially in 

appropriate grid planning. The combination of offshore wind and wave energy by means 

of co-located arrays was investigated from the standpoint of electricity production and 

grid management by (Stoutenburg et al., 2010) and from the point of view of the shield 

effect by (Astariz et al., 2015a, Astariz et al., 2015c, Astariz et al., 2015d, Astariz et al., 

2015b). Co-located systems can be classified into independent arrays and combined 

arrays. 

2.5.1.1. Independent arrays 

Co-located independent arrays are those which, while constituting distinct offshore 

wind and wave farms and occupying different marine areas, are close enough to share 

the same electric grid connection alongside other services or installations. A schematic 

representation of a co-located independent array can be seen in Figure 2.11. 

 

Figure 2.11: Schematic representation of a co-located independent array. Source: (Perez-Collazo et al., 2015). 

 

2.5.1.2. Combined arrays 

Unlike co-located independent arrays, in combined arrays the offshore wind and 

wave devices share the same marine area and relevant infrastructures, so that they 

constitute a single array. An artist’s impression of an example of this type of array is 
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presented in Figure 2.12 - note: the examples in this section are intended to illustrate the 

various groups in the classification and do not constitute an exhaustive list. 

 

Figure 2.12: Artist’s impression of a combined array. Source: Wave Star AS. Source: (Wave Star AS, 2012). 

 
Combined arrays can be classified into three categories: Peripherally Distributed 

Array (PDA), Uniformly Distributed Array (UDA) and Non-uniformly Distributed Array 

(NDA) (Figure 2.13). The Peripherally Distributed Array (PDA) deploys the WECs at 

sections along the perimeter of the array defined according to the prevailing wave 

direction so that they serve as wave shields. This results in a reduction of wave energy in 

the inner section of the array. The Uniformly Distributed Array (UDA) is based on a 

uniform distribution of both offshore wind turbines and WECs throughout the array. 

This is the type of combined array that is obtained when WECs are evenly distributed at 

the gaps between offshore wind turbines in an existing farm. Finally, the Non-uniformly 

Distributed Array (NDA) consists in a non-uniform distribution of the WECs throughout 

the offshore wind farm. An example of this type is an array where, on the basis of a 

standard offshore wind farm layout, the WECs are positioned so as to maximise their 

performance considering the interaction with the other WECs and the wind turbines. Co-

located combined arrays and their influence in the operation and maintenance cost of a 

wind farm have been studied by (Astariz and Iglesias, 2015a, Astariz et al., 2015a, Astariz 

and Iglesias, 2016a, Astariz et al., 2015b). 
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Figure 2.13: Schematic of co-located combined systems: from up to bottom, Peripherally Distributed array (PDA), 
Uniformly Distributed Array (UDA) and Non-uniformly distributed array (NDA). Source: (Perez-Collazo et al., 

2015). 
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2.5.2. Hybrid systems 

Hybrid systems are part of the wider family of multipurpose platforms - i.e., offshore 

structures on which different marine uses are combined, such as: ocean energies, 

offshore wind, aquaculture, transport and marine leisure (Quevedo et al., 2012, Quevedo 

et al., 2013). For the purposes of this thesis, a hybrid system combines an offshore wind 

turbine and a WEC on the same structure. During the last five years, there have been 

some EU funded projects and other industrial proposals tackling multipurpose platforms 

and specially the wave-wind ones (see Section 2.4). 

According to their substructure, hybrid systems can be classified (Figure 2.10) into 

bottom-fixed and floating, appropriate for shallow or transitional and deep water, 

respectively. 

2.5.2.1. Bottom-fixed hybrids 

Bottom-fixed wave and offshore wind hybrids are ground-breaking systems based on 

an evolution of the current substructures used by the offshore wind industry to 

accommodate a WEC (Perez and Iglesias, 2012a). Alternatively, a bottom-fixed hybrid 

could be conceived by integrating a WEC into an existing offshore wind turbine, 

strengthening the substructure as required; however, this route is not without difficulty, 

and is not the focus of most research works into hybrid systems. 

 

Figure 2.14: Artist’s impression of a bottom-fixed hybrid system. Source: Wave Star AS (Wave Star AS, 2012). 
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Recently a number of bottom-fixed wave and offshore wind hybrid device concepts 

were put forward, among which: (i) Wave Star, proposed by the eponymous Danish wave 

energy developer (Wave Star AS, 2012), with a WEC mounted on a monopile offshore 

wind substructure (Figure 2.14); (ii) Wave Treader, 254 by Scotland’s Green Ocean 

Energy (Power-technology.com, 2010); and (iii) WEGA, a gravitational wave energy 

absorber developed by Portugal’s Sea For Life (Renewable Energy Focus, 2010a). 

2.5.2.2. Floating hybrids 

Floating wave and offshore wind hybrids are a new concept that has begun to be 

considered with the advent of floating offshore wind prototypes in recent times, with a 

number of developers developing floating substructures that combine offshore wind 

turbines with WECs. The interest in floating hybrids systems, is: in part from the large 

wave resource that exists in deep water; in part from the lack of continental shelf, and 

hence of water depths suitable for bottom-fixed concepts; and in part for the high 

number of countries with a relevant wave resource, such as Ireland or the United 

Kingdom. 

 

Figure 2.15: Artist’s impression of a floating hybrid system. Source: Pelagic Power AS (Pelagic Power AS, 2010). 

 

An artist’s impression of the floating hybrid W2 Power, proposed by Pelagic Power 

AS (Pelagic Power AS, 2010), is shown in Figure 2.15. Other examples of hybrids include: 
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OWWE, by Ocean Wave and Wind Energy Ltd (Norway) (OWWE Ltd., 2016); Poseidon 

Floating Power, by Floating Power Plant AS (Denmark) (Floating Power Plant AS, 2016); 

WindWaveFloat, by Principle Power (US) (Principle Power Inc., 2011); and the Offshore 

Ocean Energy System, by Float Inc. (US) (Float Inc., 2011). 

2.5.3. Island systems 

The third and last family of combined wave and wind energy technologies is island 

systems. As with hybrid systems, island systems are offshore multipurpose platforms, 

however, they lie in that islands tend to be much larger and, perhaps more importantly, 

unify the combined exploitation of more than two marine resources on the same 

platform. Island systems can be divided into artificial or floating islands. 

2.5.3.1. Artificial islands 

Artificial energy islands are typically based on a large reef or dyke, and can serve as 

platforms for large-scale electricity storage, MRE converters, and other marine activities. 

The most relevant concept of this type is the Kema Energy Island (Figure 2.16) or Large-

scale electricity storage from DNV KEMA Consulting (The Netherlands) (de Boer et al., 

2007). 

 

 

 

Figure has been removed due to Copyright restrictions. 

 

 

 

 
Figure 2.16: Artist’s impression of the Kema Energy Island. Source: (de Boer et al., 2007). 
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2.5.3.2. Floating islands 

Floating energy islands are large floating multipurpose platforms, typically of smaller 

dimensions than artificial islands but larger than most vessels, where a combined 

harnessing of marine resources can be carried out. The proposed 50 MW platform 

project by Energy Island Ltd (UK) (Energy Island Ltd., 2009) is an example of this type 

of island system (Figure 2.17). 

 
 

 

 

Figure has been removed due to Copyright restrictions. 

 

 

 

Figure 2.17: Artist’s impression of a floating island system. Source: (Mondolithic Studios, 2009). 

 

2.6. Offshore wind energy 

During the last couple of decades, wind energy has become a consolidated technology 

where large wind turbines have continuously increased in number and performance. 

Furthermore, during the last two decades the industry has moved to offshore sites, 

attracted by the high-quality wind resource at those sites. However, this new offshore 

wind industry faces the technological challenge to adapt the consolidated onshore wind 

turbines standards to the aggressive marine environment. 

The following three subsections provide a more in depth perspective: first, with a 

technology description; secondly, describing in more detail the different offshore wind 

substructures systems; and finally, with an overview of the sector development status. 
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2.6.1. Offshore wind energy components 

Offshore wind is a mature technology in which wind turbines have achieved 

technological convergence, however, there are other components where this convergence 

has not been achieved and further Research and Development (R&D) is still needed – 

e.g. substructure systems, subsea grid and electrical installations, etc. Considering the 

aim of this research, substructure systems are a crucial part of the combined wave-wind 

systems, and so they should be covered with a special relevance. 

Offshore wind farms today have achieved relevant installed power capacities, 

comparable to a traditional oil or gas power plant - e.g., Horns Rev 2 is one of the larger 

wind farms in Denmark (with an installed capacity of 209 MW) and Roscoe 1,2,3,4 (in 

Texas, US) is one of the largest wind parks worldwide with 782 MW. Table 2.1 shows the 

main characteristics of some representative wind parks. 

This section describes briefly the different offshore wind components, but also gives 

a more inside view on the substructures. The offshore wind energy components can be 

grouped as: (Arapogianni et al., 2011, Kaiser and Snyder, 2012). 

a) Meteorological systems. 

A meteorological mast (met-mast) or buoy is normally used to record and 

evaluate the meteorological environment and resource at the project site. These 

systems are the first structures placed at the project site. Data collected from the 

meteorological systems are used during the design phase of the wind park. These 

can be composed by traditional met-mast sensors (e.g., anemometers, 

thermometers, barometers, wind rose, etc.) or by a LIDAR sensor. 

b) Support system 

The support system refers to the substructure, the transition piece and the scour 

protection. 

o Substructure 

The substructure, or foundation, is designed according to the site specific 

conditions, such as: the maximum wind speed, water depth, wave heights, 
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currents and surf properties. These conditions affect directly the 

substructure type and design. Moreover, the primary objective of the 

substructure is to support the wind turbine. 

o Transition pieces 

The transition piece is a component that is attached to the top of the 

substructure to absorb tolerances on inclination and simplify the tower 

attachment. 

o Scour protection 

The scour protection is used to ensure that ocean conditions do not affect to 

the mechanical integrity of the support system, helping to avoid the seabed 

erosion generated by currents and/or waves. 

c) Wind turbine 

The wind turbine is composed of: a tower, a nacelle, a hub and three blades. 

Moreover, their power ratios go from 2 MW to 5 MW and weights and rotor 

dimensions vary with the site characteristics and the electrical capacity of the 

turbine. Although, offshore wind is a mature technology it is still in development. 

In 2011, Vestas released plans for a 7 MW offshore turbine and Siemens installed 

a prototype 6 MW gearless model (Kaiser and Snyder, 2012). 

d) Grid and electrical installations connections 

The turbines and the wind farm are connected internally and externally to the 

onshore grid through cables. Collection cables link the output electricity from the 

strings or arrows of wind turbines to an offshore substation. The export cable is 

used to conduct the output energy from the substation to the onshore transport 

grid. 
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Table 2.1: Main characteristics of some representative Wind Parks. 
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2.6.2. Offshore wind substructures 

As commented before, offshore wind substructures are of special relevance for the 

purpose of this research inasmuch as, a good knowledge of the different substructure 

types and characteristics is necessary to evaluate properly a hybrid wave-wind energy 

converter. 

 

 

Figure 2.18: Substructure classification according to water depth. 

 

Figure 2.18 shows a classification of the current offshore wind substructure 

technologies; attending to the water depth these can be divided into three main groups 

namely: (i) shallow waters; (ii) transitional waters; and (iii) deep waters or floating. A 

schematic representation of these three groups can be seen in Figure 2.19. The most 

extended substructure systems among these three families to date are: monopile, 

Gravity-Base Structure (GBS), jacket frame, tripod and tri-pile. 
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Figure 2.19: Main wind energy substructure systems. Source: (Perez-Collazo et al., 2015). 

 
The selection and design of a concrete type of substructure entails important 

considerations including: costs, water depth, seabed conditions, turbine characteristics 

and technical/commercial risk factors. The historical evolution of the offshore wind 

substructures market can be seen in Figure 2.20. It shows that the majority of the wind 

farms currently in operation have monopile structures, GBSs make up most of the 

remainder, while only a small number of the other systems have been installed so far. 

However, attending to the new installations in 2013, Tripod and Jacket Frame 

substructures are increasing their representation in the market share, as it can be seen 

in Figure 2.21 (Arapogianni et al., 2011, Corbetta et al., 2014). 

 
Figure 2.20: Share of substructures types to 2013. Source: (Corbetta et al., 2014). 
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Figure 2.21: Share of substructures types in 2013. Source: (Corbetta et al., 2014). 

 
The three substructure families described previously are defined in more detail next 

(Arapogianni et al., 2011, Kaiser and Snyder, 2012, Musial and Ram, 2010, 4C Offshore, 

2012, LORC, 2011, Byrne and Houlsby, 2003, Henderson et al., 2003, Burton et al., 

2011). 

2.6.2.1. Shallow water substructures 

Shallow water substructures for offshore renewables developed over the last two 

decades in parallel with the offshore wind industry in the shallow waters of the North 

Sea. Monopiles and Gravity Based Structures (GBSs) are the most representative types 

of substructures, with a total cumulative share until 2013 of 75.4% and 12.2% respectively 

(Corbetta et al., 2014). 

Gravity-Base Structure (GBS) 

GBSs are concrete structures, designed to avoid tensile or uplift forces between the 

bottom of the support structure and the seabed, by increasing the structure weight with 

dead loads to ensure the stability in all environmental conditions. GBSs require special 

fabrication facilities according to their weight and size (as shipyards), and later they are 

transported to the final site (Figure 2.22a). Once in the offshore position their weight is 

increased with ballast (e.g., sand, concrete, rocks, or iron). Furthermore, like monopiles 

the GBSs dimensions is also dependent on different factors as: the turbine size, seabed 

conditions, wave and wind loads. 
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Figure 2.22: Shallow water substructures: from left to right, a) GBS, b) monopile and c) d suction bucket. Source: 
(Perez-Collazo et al., 2015). 

 
To date, GBSs are the second most used type of substructure in shallow waters, with 

an average deployment depth between 5 m and 20 m (Burton et al., 2011, Thomsen et al., 

2007), their main limitation is that their cost increases quickly with water depth. The 

deepest gravity substructures in operation are in Thornton Bank (27 m) (Kaiser and 

Snyder, 2012). GBSs are most likely to be used at sites where piles or jacket frames cannot 

be easily driven and there are the appropriate facilities to construct them. Moreover, 

comparing the production cost of the GBSs with the monopiles, GBSs are less expensive 

to build, however their installation cost is higher. This solution has been adopted in 

numerous offshore wind farms during the last two decades, among which are: Nysted 

(Denmark) or Thorntom Bank I (Belgium). 

Monopile 

This substructure type consists of a single large diameter, thick walled, steel pile 

which is driven (hammered), or drilled, or both into the seabed (Figure 2.22b). The 

external diameter usually goes from 4 m to 6 m and the typical portion of the pile 

inserted into the seabed is 40-50 %. The thickness, the diameter and the depth that the 

pile is driven depends on many factors, such as: the design loads, soil conditions, water 

depth, environmental conditions, design codes, etc. 

Monopiles are nowadays the most common substructure type in shallow waters (<25-

30 m). This is due to their lower installation and fabrication cost and simplicity. 

However, they are limited by: depth (due to stability problems) up to 25-30 m, and 
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subsurface conditions. This makes it likely that monopiles would become less attractive 

for deeper waters (Burton et al., 2011, Nikolaou, 2004, Lozano-Minguez et al., 2011). 

Representative examples are: Horns Rev I (Denmark) and London array (UK). 

Suction bucket 

Suction bucket substructures (Figure 2.22c) are an innovative concept designed to 

cover a larger range of water depths at a low cost. These substructures are designed to 

cover the range from 5 m to 60 m of water depth with a lower cost in comparison with 

the other alternatives. A prototype of this substructure technology was commissioned at 

the Danish offshore wind farm of Frederikshavn in 2009, and two met-mast towers using 

this type of substructure can be found at Dogger Bank (UK) and Horns Rev II (Denmark) 

(Ibsen, 2012). 

2.6.2.2. Transition water substructures 

Transitional waters substructures are those designed to reach water depths between 

30 and 80 m. These systems are starting to be used by the industry, to reach deeper 

waters. They include some more complex technologies, such as: jacket frames, tri-piles 

and tripods (Musial and Ram, 2010, de Vires, 2007, UpWind, 2011). 

Jacket frame 

Jacket frame substructures (Figure 2.23a) are an open steel lattice, which are built by 

a welded frame of tubular members extending from the seabed to the water surface. The 

jacket has a square base with four legs, and each one of them is fixed to a pre-driven pile 

into the seabed, to secure the structure against lateral forces. Jackets have a more 

difficult and costly fabrication and installation procedures than monopiles and gravity-

based substructures, however, they need a lower steel mass and scale economies would 

be easily applicable through a series production. 

To date, the jacket frame substructures have not been used extensively (see Figure 

2.20) due to the preference to exploit first the shallow waters and near-shore sites. Their 

main advantage lies in the possibility of reaching higher depths (up to 80 m) and their 

main limitation is due to their high construction and installation cost (Alpha ventus, 
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2013, Dong et al., 2011, Seidel, 2007). Several offshore wind parks have adopted this 

substructure system during recent years, some examples are: Thorntom Bank (Belgium), 

Ormonde (UK) and Alpha Ventus (Germany). 

 

Figure 2.23: Transition water substructures: from left to right, jacket frame, tri-piles and tripod. Source: (Perez-
Collazo et al., 2015). 

Tri-pile 

The tri-pile substructure (Figure 2.23b) type consists of three piles connected via a 

transition piece to the turbine tower. The three piles, like with the monopile 

substructure, are hinged to the seabed by driven or drilling techniques. Moreover, the 

transition piece is located above the water level. This is a new concept developed to reach 

deeper waters than with the shallow water systems, up to 60 m. The main advantage of 

this solution is the simplicity of installation, which is done by installing three monopiles 

and then adding the upper joint (BARD Holding GmbH, 2012). Some examples of this 

substructure can be found at: BARD Offshore (Germany), Veja Mate (Germany) and the 

demonstrator prototype at Hooksiel (Germany). 

Tripod 

Tripod substructures (Figure 2.23c) are standard three-legged structures made of 

cylindrical steel tubes, with a central shaft on which the other three small steel tubes are 

welded. These three small tubes are connected at the same time to three legs. 

Furthermore, each one of the legs is connected to a pile that has been driven into the 

seabed previously. The main advantage of the tripod system is its large base which gives 

it an increased resistance against overturning, however, its large dimensions make its 
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installation difficult and hence increases its cost (Lozano-Minguez et al., 2011, de Vires, 

2007, Stahlmann and Schlurmann, 2011). Some examples of offshore wind farms that 

employ tripods are: Alpha Ventus (Germany) and Cote d’Albatre (France). 

2.6.2.3. Deep water or floating substructures 

Finally, deep water or floating substructures are the industry approach to harnessing 

the huge resource that exists at deep water sites, such as at the European Atlantic coast. 

The offshore wind industry has been competing during the last few years to go deeper 

offshore and therefore develop an appropriate device for such sites. Nonetheless, floating 

foundations are still at an early stage of development, and many different prototype 

concepts are being tested at scale level in real or laboratory conditions. These different 

concepts can be classified into three main groups: spar floaters, Tensioned-Leg Platforms 

(TLP) and Semi-Submersible Platforms (SSP). 

 

Figure 2.24: Deep water or floating substructures: from left to right, spar floater, TLP and SSP. Source: (Perez-
Collazo et al., 2015). 

Spar floater 

A spar floater substructure (Figure 2.24a) is based on a spar buoy configuration used 

in offshore oil and gas. This bases its buoyancy and stability on a long and slender 

cylinder that goes deep below the water surface. The large mass of this cylinder 

contributes to reduce the wave induced motions. The main advantage of this system is 

its good dynamic response and stability. A spar floater type has been the selected for the 
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Hywind and SWAY floating offshore wind prototypes (Norway and Scotland) (Statoil, 

2016, SWAY AS, 2012). 

Tensioned-Leg Platform (TLP) 

TLPs are submerged platforms (Figure 2.24b) tethered to the seabed by means of pre-

tensioned mooring cables. These pre-tensioned mooring lines contribute to a drastic 

reduction on the heave movement, increasing the system’s horizontal stability. The main 

advantage of this system lies on its low cost, however; the dynamic efforts on the mooring 

lines are its main weak point (de Vires, 2007, Sclavounos et al., 2010, Blue H, 2013). An 

example of using this system for offshore renewable energy is the Blue H prototype (the 

Netherlands). 

Semi-Submersible Platform (SSP) 

SSPs systems (Figure 2.24c) also come from concepts already existing in the oil and 

gas industry. These are based on a barge or semi-submersible structure that relies on its 

buoyancy to support the upper structure above the water. On one hand, its main 

advantage is on its flexibility, as it can be easily moved from one site to another one or 

adaptable for different water depth sites. On the other hand, its major problem comes 

from the non-easily avoidable movements of the system (Pelagic Power AS, 2010, 

Floating Power Plant AS, 2016, Principle Power Inc., 2011, Roddier et al., 2010). 

Furthermore, this type of substructure has been tested in some concepts, such as: 

WindFloat (USA & Portugal), W2Power (Norway) and Poseidon (the Netherlands). 

2.6.3. Offshore wind energy development status 

Offshore wind industry can be grouped into two differentiated categories, bottom-

fixed and floating offshore wind. Being the bottom fixed offshore wind much more 

advanced than floating offshore wind. Figure 2.25 shows the projected development 

timelines and the expected evolution of the technology for both categories. 

Bottom-fixed offshore wind is a consolidated technology, focused on cost reductions 

and pushing for the development of a new generation. New offshore wind turbines, with 

greater installed power capacity, are under development by the main turbine 
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manufacturers, and substructure technologies are focused on an important cost 

reduction and an optimization of the designs. Floating offshore wind is just at an early 

development stage, with some prototypes being tested at real sea conditions and many 

other concepts under development. This segment still has a long way to go to be fully 

developed. 

 

 
Figure 2.25: Projected development timelines for Offshore wind energy sector. Source: Elaborated by the author 

based on: (Jeffrey and Sedgwick, 2011). 

 

2.7. Wave energy 

Harnessing wave energy has more technical challenges than offshore wind, as WECs 

have to extract energy from the sea and at the same time take on extreme events. This is 

one of the main reasons why, although wave energy started its development earlier than 

offshore wind, this is still at an earlier development stage. However, during the last years 

the sector has moved to offshore full scale prototypes, which have created some 

interesting expectations. 

The following two subsections provide a more in depth perspective, first with a brief 

technology description and second with an overview of the development status of the 

sector. 
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2.7.1. Wave energy technologies 

There are a wide range of WEC technologies, as result of the different solutions 

adapted to absorbing energy from waves, depending on the water depth and on the 

location (shoreline, near-shore, offshore). Recent reviews identified about one hundred 

projects at various stages of development, with the characteristic that new concepts and 

technologies replace those that are being abandoned (Falcão, 2010). 

Wave energy technologies are generally classified according to their orientation to the 

incoming wave direction (Cruz, 2008), as: 

 Terminators are WECs placed facing the incoming waves, so between its 

principal direction and the incoming wave there are 90° and their width is much 

greater than their length; 

 Attenuators are devices positioned perpendicularly to the incident wave crest 

and their width is much smaller than their length; and 

 Point Absorbers are WECs with no prevailing horizontal dimension and their 

scale is significantly smaller than the wavelength. 

A schematic illustration of this WECs classification, based on the orientation to the 

wave direction, can be seen in Figure 2.26. 

 

Figure 2.26: Schematic showing WEC orientation to the wave direction. Source (Cruz, 2008). 

In order to review the different WECs which have been proposed up to date, it is 

convenient to classify them according to their working principle. Falcão (2010) described 

a common classification based on these criteria - Figure 2.27 shows a schematic diagram 

with this classification. Following main bibliographic references as: (Falcão, 2010, 
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Bedard et al., 2010, Iglesias et al., 2011, Drew et al., 2009, McCormick, 1981, Clément et 

al., 2002, Thorpe, 1999, Falnes, 2007), a brief description and an analysis of the three 

main WECs categories is presented next: 

 

 

Figure 2.27: Wave energy technologies. Source: Adapted from (Falcão, 2010). 

 

2.7.1.1. Oscillating Water Column 

OWCs are conversion devices with a semi-submerged chamber, keeping a trapped air 

pocket above a water column. Waves force the column to act like a piston, moving up and 

down, forcing the air out of the chamber and back into it. This continuous movement 

force a bidirectional stream of high-velocity air, which is channelled through a turbine-

generator group to produce electricity. 

Falcão (2010) has provided the insight for the bibliographic review on the historic 

development of OWCs and its classification. Moreover, this thesis tackles a new OWC 

concept based on a nearshore/offshore fixed structure. Figure 2.27 shows the WEC 
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classification proposed by Falcão (2010) with the inclusion of the concept proposed in 

this thesis, under the new branch as a device with a fixed structure at a nearshore 

location. A scheme of the working principle and a picture of the OWC power plant of 

Mutriku (Spain) can be seen in Figure 2.28. 

 

 

Figure 2.28: Schematic and image of breakwater-mounted OWC. Source EVE (Ente Vasco de la Energía, 2014). 

 

The main advantages of these systems are: its simplicity and robustness (essentially 

there are no moving parts other than the air turbine); the Power Take Off (PTO) is simply, 

well known and reliable; and the low maintenance and operation (M&O) costs. On the 

other hand, on the efficiency of the air turbines PTO there is still work to improve its 

performance, although there are some new control concepts (to be tested) that could 

increase the overall performance. 

Furthermore, these systems can be either fixed or floating structures. The most 

common case is a fixed structure that has been installed at the coastline or designed as a 

part of a breakwater. The fixed option has as a major advantage of easy access and low 

maintenance but at the same time it has as a major disadvantage that the high costs of 

the infrastructure (the civil part of the device is very expensive). Nevertheless, some 

floating designs have been tested with a diverse output. Floating OWC systems have the 

attraction that the infrastructure is more cost-effective, and at the same time, the 

accessible resource has more quality. However, these solutions are still at an early 

development stage. 
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Some representative devices are: GreenWave (UK), Limpet (UK), Pico Plant 

(Portugal), Mutriku (Spain), OE Buoy and Oceanix (Australia) (Tzimas et al., 2011). A 

more in detail revision of the state-of-the-art of the technology and research about OWCs 

is presented in deep later in Chapter 3. 

2.7.1.2. Oscillating Body Converter (OBC) 

OBCs (Figure 2.29) are either floating (more usually) or bottom fixed. They exploit 

the more powerful wave regimes, normally in deep waters (more than 40 m). In general, 

they are more complex than OWCs, and in particular as regards their PTO systems. In 

fact, the many different concepts and manners to transform the oscillating movement 

into electricity have given rise to many different PTO systems - e.g., hydraulic generators 

with linear hydraulic actuators, linear electric generators, piston pumps, etc. 

There are many different types of OBCs which can be simply classified between 

floating or submerged (Falcão, 2010): 

 

 

Figure 2.29: Examples of Oscillating body converters: Sources: Pelamis Wave Power, left-hand picture (Pelamis 
Wave Power, 2014), and Ocean Power Technologies, Inc., right-hand picture (Ocean Power Technologies Inc., 

2014). 

 

 Floating devices are normally based on a single buoy or a group of floating 

bodies. The main advantage of floating oscillating bodies lies on its simplicity and 

versatility, as they can be easily moved to a different site or to onshore for 

maintenance. On the minus side, a clear technology has not emerged yet, and 
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more research should be carried out to increase the PTO performance and avoid 

certain issues with mooring systems; and. 

 Submerged devices are more complex, as mainly they are heavy structures fixed 

to the bottom and with a floating part that interacts with waves creating a 

movement on a hydraulic PTO. The main advantage of submerged oscillating 

bodies is that mainly they don’t use a mooring system, which would require more 

research. On the other hand, their main disadvantage is in their complexity that 

would mean an increase in the costs. 

Some representative devices are: AWS of Columbia Power Technologies (US), Oyster 

(UK), Pelamis (UK) and Wave Star (Denmark) (Bedard et al., 2010, Tzimas et al., 2011). 

2.7.1.3. Overtopping Converters (OC) 

OCs (Figure 2.30) are a floating or bottom fixed water reservoir structure, normally 

with reflecting arms to focus the wave energy, as waves arrive, they overtop a ramp 

structure and remain restrained in the reservoir. The potential energy due to the height 

of collected water above the sea surface is transformed into electricity using conventional 

low head hydro turbines. 

Following to a historical review of these converters, overtopping terminators can be 

classified into floating or fixed structures (Falcão, 2010). Nevertheless, it is on the 

floating converters side where the research and the experiences at sea have been more 

intense. The main advantage of floating overtopping systems is its simple concept - it 

stores water and, when there is enough, lets it pass through a turbine. Their main 

downsides are the low head (in the order of 1-2 m), or the huge dimensions that a full 

scale overtopping device would have. Moreover, a new fixed overtopping converter has 

been presented recently, which is conceived to be integrated in a breakwater, but it is still 

at a preliminary development stage and more research is still needed. 
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Figure 2.30: Examples of overtopping converters. Sources: Wave Dragon AS, left-hand picture (Wave Dragon AS, 
2005), and the COAST research Group at Plymouth University (COAST Research Group, 2014), right-hand picture 

(Fernandez et al., 2012). 

 
Some representative devices are: WaveDragon (Denmark), Seawave Slot-Cone 

Generator (Norway), or WaveCat (UK) (Tzimas et al., 2011, Bedard et al., 2010). 

2.7.2. Wave energy development status 

Wave energy industry is still at an incipient development status, and dependent of a 

supply chain that is completely focused in other similar industries like the offshore wind 

and oil & gas. During the last decade, some prototypes have been deployed at sea sites 

for full scale tests. These experiences have pushed the sector to come up with some road 

maps for a proper development of the technology. These roadmaps have settled 

challenging objectives for 2050, but also a timeline and an expected path for future 

developments, as seen in Figure 2.31. 

WEC technologies can be classified, based on their development status, in three 

generations: 

a) First generation 

A first WEC generation systems arrays based on the top developed technologies, 

and placed at shoreline or near-shore sites. These systems could include: 

o OWCs placed at the coastline or on breakwaters (e.g., Mutriku); and 

o Nearshore small arrays (2-10 MW) based on bottom-fixed solutions, such as: 

Wello, WaveRoller, and Wavestar. The first is being tested at the Wave Hub 

(Cornwall, UK), the second at Peniche (Portugal) and the last one in 
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Hansthtolm (Denmark);  

b) Second generation 

A second generation could allow WEC technologies to go offshore, reaching larger 

depths and higher waves. To make real this second generation, some research on 

components is needed - e.g., mooring systems, new materials, electric connectors, 

control systems, etc. These systems could include: 

o OWCs floating or mounted on a bottom-fixed structure nearshore; 

o Large arrays of OBCs at near-shore or offshore locations. These would be 

mainly floating technologies, based on buoys, such as. The AquaBoy, 

Wavebob and PowerBuoy); and 

o Overtopping technologies at offshore sites, like: The Wave Dragon. 

c) Third generation 

A third generation, based on a further research and development on components, 

would allow an increase on the performance. And this would mean higher powers, 

repowering old sites with old generation arrays. 

 

 
Figure 2.31: Projected development timelines for Ocean energy sector. Source: Elaborated by the author based on: 

(Jeffrey and Sedgwick, 2011, ENERGY Technologies Institute, 2010) 

However, to make the wave energy sector a reality, it is necessary to conduct new 

research and further develop some technologies during the coming years. New research 

on basic subcomponents is required, for a proper development of second and third 

generations and also for a proper long scale deployment of first generation devices. Also, 

new concepts such as multiplatform or hybrid devices, where WECs can be integrated or 
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share the same structure with other marine users, such as wind energy or aquaculture 

should be studied. In this line, PRIMaRE (2015) has defined a set of interdisciplinary 

research priorities which are key for the development of the MRE sector in the Southwest 

of England. 

2.8. Conclusions of chapter 

A review of the combined wave and offshore wind technology has been presented in 

this chapter. First, the resource, potential and sustainability of the wave, wind and 

combined resources was analysed. An overview of the resource and the potential for a 

combined wind-wave exploitation at each one of the different European Sea Basins 

(Mediterranean, North and Baltic Seas and North East Atlantic) has been presented. 

Secondly, an extensive view to the different technological and legislative synergies 

between wave and offshore wind technologies was presented. Synergies which are of 

special relevance for the purpose of this thesis were discussed presenting the strong 

argument to combine both energies. 

Thirdly, a review of previous works on combined wave and offshore wind energy 

technologies has been made. This review looks especially to some European funded 

research projects and device concepts under development which had tackled the 

combination of wave and offshore wind during the last decade. 

Fourthly, a novel classification for the different combined wave-wind systems, 

unifying them into three main families: (i) co-located systems; (ii) hybrid systems; and 

(iii) island systems has been introduced. 

Fifthly, a brief description of the offshore wind components was presented, covering 

all the technological parts required for the exploitation of the offshore wind resource. 

Special attention was given to the substructure part, as this is of special relevance for the 

integration of offshore wind and wave energy converters. 

Finally, a brief description of the different WEC technologies and their working 

principles was presented, giving special attention to their general characteristics and the 

sector development status.  
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3.1. Introduction 

This chapter reviews the state of the art of the Oscillating Water Column (OWC) WEC 

type of technology. This is based on the revision of the most updated related research. 

Section 2 of this chapter reviews the OWC technology, by a detailed description of their 

main three components, such as: the OWC chamber, the air turbine and the control 

strategies. Examples of the most representatives OWC systems, tested so far, are 

presented in Section 3. Section 4 goes through the different concepts to be considered to 

model an OWC system. Finally, an overview of the most relevant research carried out 

about OWCs is presented, giving special attention to the research focused in physical and 

numerical modelling of OWCs. 

3.2. The OWC technology 

An OWC bases its working principle on the oscillation of the water column at the 

inner part of a resonant chamber. This oscillatory movement drives a differential 

pressure between the air pocket trapped at the inner part of the OWC chamber and the 

atmosphere, differential pressure which is channelled across an air turbine rotor that, in 

turn, drives an electrical generator. The main components of an OWC system are (Figure 

3.1): the OWC chamber, the air turbine and the control strategy. 

 
 

 

 

Figure has been removed due to Copyright restrictions. 

 

 

 
 
 

Figure 3.1: Schematic representation of the cross-section of a generic OWC and its working principle. Source: 
(Gareev, 2011). 
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3.2.1. The OWC chamber 

Acting as a ‘pneumatic gearbox’, the OWC chamber converts the slow motion of the water 

column to a high-speed air flow which moves the air turbine. The chamber is a key 

element of an OWC, and it has a number of relevant functions, such as: (i) couples the 

wave driven forces with the inner chamber hydrodynamics - i.e., the incident waves are 

coupled to the inner part of the OWC chamber forcing the oscillation of the water 

column; (ii) couples the hydrodynamic and aerodynamic parts of the system via the free 

surface at the chamber - i.e., the piston type movement of the free surface up and down 

forces the air mass to flow out and in through the turbine; and (iii) prevents the turbine 

from coming into direct contact with the harsh environment of the sea water and 

mitigates the forces arising during storm conditions - i.e., most of OWC chambers have 

an emergency mechanism which shuts down the access to the air turbine in emergency 

conditions, avoiding sea water from access directly to the turbine rotor. 

As result of the direct exposition of the OWC to the harsh sea environment, and 

especially to extreme wave forces, most of the chambers have been built using reinforced 

concrete. Notwithstanding, reinforced concrete is difficult to use offshore, and this has 

made that traditional shipbuilding industry techniques were adopted to build the hull of 

most of those devices installed out of the shoreline.  

The relative position of the water column to the chamber can be either vertical or 

inclined. The first (Figure 3.1) is the most extended, however, some OWC systems use a 

chamber with an inclined water column (Figure 3.2). The Land Installed Marine Power 

Energy Transmitter (LIMPET), a full-scale shore-mounted OWC plant located on the Isle 

of Islay (UK), is a clear exponent of an inclined water column (Whittaker, 2002). 

There are two main advantages of inclined water columns. First, the reduction on the 

entrance turbulence and internal sloshing – which is mostly true at shallow water zones, 

where the bottom effects increase the surge motions relative to heave. Second, the 

increase in the water plane area for a given chamber cross section area – this facilitates 

the resonance of the water column, which is to a large extent determined by the ratio of 
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the OWC plane area to the entry area, to be coupled to the major period of the incoming 

waves (Heath et al., 2000). 

 

Figure 3.2: Schematic representation of the cross-section of the inclined OWC chamber of LIMPET. Source: 
(Whittaker, 2002). 

 
A variant of the vertical oscillating chamber type is the U type OWC system defined 

by Boccotti (2007) in his patent (Figure 3.3). This defines an ‘Ú-type’ entrance, conceived 

to be incorporated into a caisson breakwater, which allows an easy installation of OWC 

into conventional breakwaters. 

 

 

 

Figure has been removed due to Copyright restrictions. 

 

 

 

 
 
 

Figure 3.3: Schematic representation of the cross-section of a generic U-OWC. Source: (Boccotti, 2007). 
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Figure 3.4 shows a schematic representation top view of the Oceanlinx OWC system, 

which proposes a different approach for the OWC camber. Oceanlinx has developed a 

system which incorporates a set of two large parabolic-shaped wave collectors for a full-

scale nearshore mounted OWC device (known as Mark 1). The collectors (like a parabolic 

antenna) amplify the waves by making them converge at the focal point of the parabola. 

According to Finnigan (2004) this system allows the amplification of the wave height by 

a factor of approximately 2.5 or more, depending on the period. Notwithstanding, the 

actual shape of the parabolic collectors affects its capacity to amplify the wave height and 

must be optimised prior its construction. This makes this system very site specific 

increasing its development time. 

 

 

 

 

 

Figure has been removed due to Copyright restrictions. 

 

 

 

 

Figure 3.4: Schematic representation of the top view of the Oceanlinx OWC device. Source: (Finnigan, 2004). 

Over all, there are some specific aspects of OWC chambers common to all possible 

configurations which shall be taken in consideration at its design phase. First, the lower 

part of the submerged front wall of the OWC chamber (also called lip) should be designed 

to be below the water surface at all times. Finally, the configuration and thickness of the 

front wall must guarantee the survivability under extreme sea conditions, particularly 

from forces associated with wave impacts - i.e., due to slamming or breaking conditions. 
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3.2.2. Air turbines for OWC 

The particularities of the air flow produced by an OWC system - i.e., an oscillatory 

flow going in and out the chamber - make it difficult to harness by an air turbine. Up to 

date, multiple turbines has been developed and tested for this kind of WEC, with the self-

rectifying air turbines having greater success. Most self-rectifying air turbines for OWCs 

proposed and tested so far are axial-flow machines of two basic types: the Wells turbine 

and the impulse turbine. 

An extensive and detailed review of air turbines for wave energy was done by Falcao 

& Gato (2012), for the wells turbine see Raghunathan (1995) and for the impulse turbine 

see (Setoguchi et al., 2001). 

3.2.2.1. Wells turbine 

The wells turbine invented by Dr A. A. Wells in 1976 (Wells, 1976) is the most 

commonly used air turbine for OWC applications (Figure 3.5). This is a low-pressure self-

rectifying air turbine - i.e., the rotor of the turbine rotates continuously in one direction 

in spite of the air flow direction. The rotor is composed by a series of symmetrical aerofoil 

blades set at a stagger angle of 90º - i.e., they are symmetrical with respect to a plane 

perpendicular to the rotor axis. 

 

Figure 3.5: Single stage wells turbine with guide vanes. Source: (Falcão et al., 2013c). 
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The efficiency of the Wells turbine is lower than for an omnidirectional air flow 

turbine and asymmetric airfoils. One of the reasons for this reduced efficiency is that 

symmetric airfoils have a higher drag coefficient than asymmetric ones. Furthermore, 

due to the high angle of attach of the symmetric airfoils the rotor usually goes into ‘stall’ 

condition - i.e., the flow becomes detached from the airfoil increasing drastically the 

friction of the rotor and consequently it loses lift. Note that a secondary effect of the ‘stall’ 

condition of wells turbines is the noise produced by the turbine, noise which can become 

a critical acoustic impact on the environment – a clear example of this environmental 

effect is the noise produced by the Spanish OWC plant of Mutriku which the local 

residents use to call ‘the monster’. In order to solve these problems, various 

modifications have been proposed to increase the efficiency and reduce the ‘stall’ 

condition of the wells turbine. Some of these can be seen in (Starzmann et al., 2013, 

Starzmann et al., 2011). These modifications of the wells turbine can be numbered as: 

 Wells turbine with guide vanes; 

 turbine with self-pitch-controlled blades; 

 Biplane wells turbine with guide vanes; 

 Contra-rotating wells turbine; 

 Multistage wells turbine with intermediate guide vanes; and 

 Wells turbine with variable radius airfoils. 

3.2.2.2. Bi-radial impulse turbine 

The other self-rectifying air turbine that has been widely used for full-scale OWC 

projects is the bi-radial impulse turbine. Figure 3.6 shows a schematic of the rotor with 

fixed guide vanes and its working principle. The rotor is composed by a series of cup-

shaped blades and a set of symmetrical guide vanes. The working principle of the turbine 

is based on the change of the velocity of the air jet which impacts on the turbine cup-

shaped blades changing the airflow direction. This change in the direction forces a 

momentum (or impulse) which forces the rotor to move. The self-rectifying capability of 
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the bi-radial impulse turbine is attained by means of a set of symmetrical guide vanes, 

placed at each side of the rotor. 

 

Figure 3.6: Schematic representation of the rotor and guide vanes of a bi-radial air turbine. Source: (Babintsev, 
1975). 

The bi-radial impulse turbine efficiency is lower than the wells turbine, however, this 

does not have the ‘stall’ problems at high tip speed ratios of the wells turbine and its 

range of operation is greater than the wells. The impulse turbine has lower but wider 

power efficiency curve in comparison with the wells turbine (Figure 3.7). The low 

efficiency of the monoplane impulse turbine is due to the resistance caused to the air flow 

by the second group of guide vanes, as they have been designed for the incoming flow 

and not for the out-coming one. This problem has been solved using different 

configurations as a set of variable guide vanes, whose have different positions depending 

if they are at the incoming or out-coming part of the turbine. Other solutions is the one 

proposed by McCormick (McCormick, 1981) with a counter-rotating turbine, which uses 

two parallel contra-rotating bi-radial impulse turbines without intermediate guide vanes 

and anti-symmetric external guide vanes. This solution solves the problem with the out 

coming flow and reaches higher efficiencies. These and other modifications suggested to 

the bi-radial impulse turbine can be numbered as:  
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Figure 3.7: Turbine efficiency (η) versus flow coefficient ratio (Φ/Φη) for a monoplane Wells turbine with guide 

vanes and an impulse turbine with guide vanes. Source: (Falcão and Gato, 2012). 

 Impulse turbine with self-pitch-controlled guide vanes; 

 Impulse turbine with active-pitch-controlled guide vanes; 

 Impulse turbine with fixed guide vanes; and 

 McCormick counter-rotating turbine. 

3.2.2.3. Other turbines 

a.- Denniss-Auld turbine 

The so called Dennis-Auld turbine (Figure 3.8) is an axial turbine with variable pitch 

blades, which shares many aspects with the variable pitch Wells turbine. Unlike in the 

Wells turbine the Dennis-Auld blades are not symmetric, and their angle of attack 

increases or decreased together with the air velocity, however, when the air flow changes 

its direction the blades pivot almost instantaneously to face the new flow direction. Guide 

vanes are not needed due to the blade pitch control. The main disadvantage of this 

turbine is the high maintenance cost due to the large number of moving parts to control 

the blades movement. Further details and results about this turbine can be found in 

(Alcorn and Finnigan, 2004, Finnigan and Auld, 2003, Finnigan and Alcorn, 2003, 

Finnigan, 2004). 
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Figure 3.8: Full-sized Denniss-Auld turbine that equipped the bottom-fixed OWC tested by at Port Kembla, 
Australia. Source: (Falcão and Gato, 2012). 

b.- Radial-flow self-rectifying impulse turbine 

Radial-flow self –rectifying impulse turbine (Figure 3.9) are designed to be connected 

to the OWC chamber by an axial duct and to the atmosphere (exit/ admission) radially. 

Early model testing done during the 90’s by (McCormick et al., 1992, McCormick and 

Cochran, 1993) studies which have been completed later by (Takao et al., 2002, Takao et 

al., 2005). This turbine can represent an alternative to the single stage axial impulse 

turbine however its efficiency would not be the best. 

 
Figure 3.9: Radial-flow impulse turbine with fixed guide vanes. Source: (Takao and Setoguchi, 2012). 
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c.- Twin unidirectional impulse turbine topology 

More than a new type of turbine, the twin unidirectional impulse turbine is a topology 

which uses two single-stage conventional turbines in parallel - i.e., a row of guide vanes 

followed by a bladed rotor. This topology (Figure 3.10) optimises each one of the parallel 

turbines for the exhalation or inhalation flow respectively. The possible increase in 

aerodynamic performance at the turbines usually does not cover the cost of the double 

set of turbines and/or the generator. Further bibliography and experimental data can be 

found in (Jayashankar et al., 2009, Jayashankar et al., 2010, Mala et al., 2011, Jayaraj et 

al., 2009). 

 

 

Figure 3.10: Schematic showing the working principle of the twin impulse turbine topology. Source: (Takao and 
Setoguchi, 2012). 

 

d.- Variable radius turbine 

The Variable Radius Turbine (VRT) patented by Dresser-Rand and called HydroAir 

is composed by two sets of fix guide vanes located at either sides of the inlet and outlet 

duct, with a large diameter than the rotor (Figure 3.11). Air enters in the sharp duct at a 

relatively low velocity and the guide vanes force on it a swirl motion, them the air 

accelerates when passing through the duct towards the rotor. It seems that this 

configuration increases the operating range when compared with the one-stage turbine, 
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however, it presents the disadvantage that the HydroAir turbine needs a much larger 

volume compared with a Wells or Impulse turbine. Further details about this turbine can 

be found in (Dresser-Rand, 2010). 

 

 

Figure 3.11: HydroAir turbine. The variable radius turbine from HydroAir. Source: (Falcão and Gato, 2012).  

 

e.- Biradial turbine 

Falcão, Gato & Nunes (2013a) presented recently a new self-rectifying turbine called 

the bi-radial turbine (Figure 3.12). This turbine presents the particularities that it is axial, 

compact and suitable to be mounted with a flywheel. The turbine is symmetrical with 

respect to a plane perpendicular to its axis of rotation. Both the inlet and outlet of the air 

to the rotor is done radially. Simulations and experiments have shown that this new 

turbine can reach high efficiency levels for wide operational rages. More details and 

experimental data about the bi-radial turbine can be found in (Falcão et al., 2013b). 
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Figure 3.12: Schematic representation of the bi-radial turbine, with axially movable guide vanes. Source: (Falcão et 
al., 2013a). 

 

3.2.3. Control strategies 

A common feature of the self-rectifying air turbines, and in general of all turbo 

machines, is that its efficiency is strongly dependent on the flow rate. Large efficiency 

drops at far-from-design conditions are known to happen when stall condition 

occurs - i.e., when the angle of incidence of the incoming flow approaching the rotating 

and/or stationary rotor blades or guide vanes becomes excessive and the flow gets 

detached from the surface. Figure 3.13 presents a classification for the different control 

strategies that have been suggested to reduce the sensitivity of the efficiency to flow 

changes and maximise the power production. Further information about control 

strategies for OWC can be found in (Freeman et al., 2014, Falcão and Justino, 1999). 
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Figure 3.13: Oscillating water column control strategies. 

 

3.2.3.1. Modifying the turbine conditions 

The first family of OWC control systems is the one that acts over the turbine 

conditions to reduce the influence of the variation of the incoming flow over its efficiency. 

This can be done by either varying the rotor geometry or its speed. Modifying the turbine 

geometry means changing the angle of attack between the rotor blades and the incoming 

air flow - e.g., the Kaplan turbines and the variable pitch wind turbines. This strategy has 

been adopted by different turbine manufactures as commented before - e.g., the Wells 

turbine with variable blades, the impulse turbine with adaptable guide vanes and the 

Dennis-Auld turbine. 

The second way of modify the turbine conditions is to alter the rotational speed (or 

rotational torque) of the rotor, varying the rotational speed changes the relative velocity 

between the blade and the incoming flow and consequently the angle of attack. This 

control strategy is normally implemented by acting directly over the electric 

generator - e.g., modifying the voltage, intensity or frequency of the rotor. This can be 

done easily by means of power electronics. 

3.2.3.2. Modifying the chamber conditions 

The second family of control systems for OWC acts over the chamber conditions to 

control the performance of the OWC and maximises its efficiency. There are two 

possibilities to modify the conditions of the OWC chamber: (i) acting over the pressure 

at the chamber and (ii) modifying the geometry of the chamber. Act over the air pressure 
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at the inner chamber means to have an auxiliary system which allows to release part of 

the internal pressure by means of a by-pass valve or to increase the internal pressure 

using high pressure air. Up to now it has only been proposed the alternative which uses 

a by-pass valve to release internal pressure when this exceeds the operational conditions 

of the air turbine (Monk et al., 2013).  

The second alternative acts over the chamber geometry to modify the hydrodynamic 

conditions of the OWC - this alternative is proposed later at Chapter 4 of this thesis. 

3.3. OWC systems 

In this section the different OWC systems which have been developed to full scale are 

presented in accordance with the general classification for WECs, presented in Chapter 

2 (see the OWC part of it in Figure 3.14). 

 

 

Figure 3.14: Oscillating Water Column technologies. Source: Adapted from (Falcão, 2010). 

 

3.3.1. Fixed structure OWC 

The literature review conducted for this thesis has revealed that the majority of the 

OWC projects conducted so far have been mounted over fixed structures well to the 

shoreline or to the seabed. These can be grouped into: (i) isolated, (ii) in breakwater and 

(iii) near shore. 

3.3.1.1. Isolated 

Initial shoreline mounted OWC projects were isolated installations, this means that 

the infrastructure was built at concrete site-specific locations isolated from other 

infrastructures, usually at shoreline locations with characteristic conditions and relevant 
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wave energy resource. The most well-known of the isolated OWC projects are the 

LIMPET plant at the Island of Islay in Scotland and the Pico plant (Figure 3.15) in one of 

the Portuguese islands of the Azores archipelago. 

 

 

Figure 3.15: Wave breaking at the Pico OWC plant. Source: WavEC Offshore Renewables (WavEC, 2006). 

 
A schematic view of the 500 kW LIMPET plant can be seen in Figure 3.2. The plant 

was commissioned in 2001 and it was in continuous operation until March 2013 when 

Voith Hydro closes the plant to concentrate on tidal power projects. During its 12 years 

of operation the plant accumulated more than 60,000 grid connecting hours, providing 

a relevant test bench to develop new generations of self-rectifying air turbines 

(Renewable Energy Focus, 2010b). The plant was originally commissioned with a 

500 kW contra rotating two-stage Wells turbine which was later downgraded to a 

250 kW single stage (Water Power & Dam Construction, 2008). 

The LIMPET project contributed to the wave energy sector with an important 

milestone, demonstrating first its initial viability and secondly contributed actively to 

develop the second generation of OWC air turbines. Further details on the LIMPET plant 

can be found in (Heath et al., 2000, Whittaker, 2002). 

The second most well-known pilot isolated OWC plant is the one located at the island 

of Pico in the Azores archipelago (Portugal). The plant is a 400 kW full scale prototype, 
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which was built between 1995 and 1999 with UE funds. It was originally equipped with a 

horizontal-axis single-stage Wells turbine-generator. The induction type generator was 

capable to vary its rotational speed to run the respective control strategy (Falcão, 2000). 

The Pico plant was suspended for several years, and then it was revived by the Wave 

Energy Centre (WavEC) in 2003. Since them it has been suspended and revived several 

times due to lack of funds and technical problems. It faced a several set back during the 

2013 winter, when its control room was flooded damaging most of the electric equipment 

(Kelly et al., 2014). 

Recently it has been brought into operation again replacing the damaged equipment 

and positioning the relevant power electronic and control systems on a different building 

and new control strategies using the by-pass valve to relief part of the pneumatic pressure 

is currently being implemented (Monk et al., 2013). 

The Pico plant is an example of the hardness of the environmental conditions which 

an OWC plant needs to harness and many lessons, especially at the operation and 

maintenance part can be learned from its experience. In summary some general points 

can be highlighted from the Pico plant project: (i) despite the long period of inactivity 

and the following damages it has been successfully refurbished including new extra 

safety measures; (ii) the plant has reached its main goal demonstrating its capacity to 

operate on a continuous basis and supply electricity to the local grid on a representative 

period of time; and (iii) valuable operational experience is being gained during its 

operation, experience which is helping to develop new control strategies. 

3.3.1.2. In breakwater 

The Mutriku breakwater integrated OWC power plat was the first commercial 

installation of this type worldwide. It integrates into a conventional breakwater a caisson 

type OWC (Figure 3.16). The plant has 16 vertical chambers integrated into a concrete 

formed caisson structure, each one of the chambers is connected at the top to a two-stage 

Wells turbine from Voith Hydro Wavegen. Each one of the turbines has a nominal power 

of 18.5 kW, reaching a total power capacity for the plant of 296 kW. The construction 
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phase of this plant has been surrounded of various complications and multiple lessons 

can be learnt from it. 

 

 
Figure 3.16: Aerial view of the Mutriku breakwater and OWC power plant. source: (Ente Vasco de la Energía, 

2014). 
 
First, the civil construction part of the project faced several delays from the original 

programme due to unexpected damages on the caisson during a storm. This mischance 

caused a reframing of the project which led to reinforcing the front wall with a sandstone 

cover. Secondly, the turbine-generator groups were acquired during the initial stage of 

the civil construction phase, and due to the delays on the construction phase, when these 

were finally installed has found that some parts were damaged and needed to be 

replaced. Finally, at the moment of the installation of the turbine-generator groups, the 

technology had evolved considerably (increasing its efficiency), which means that the 

turbines were out-of-date. Further details about the Mutriku OWC plant ca be found in 

(Torre Encirso et al., 2010, Renewable Technology, 2012, Ente Vasco de la Energía, 

2014). 

Other in-breakwater OWC projects have been considered, however, none of them has 

reached the operational level so far. Due to the increased power performance of the new 

generation of self-rectifying air turbines and the advances in high performance concrete, 

new projects of in breakwater OWC projects are staring to be considered as a real 

alternative (López et al., 2015b, Arena et al., 2013). 
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3.3.1.3. Nearshore 

The last type of the fixed structure OWCs are the Nearshore ones. These OWC are 

deployed at shallow water locations out of the shoreline. The main advantage of moving 

offshore from the shoreline the OWC systems is to go out of the surf zone, which means 

a reduction on the impact loads over the structure. Unlike with the shoreline and floating, 

the nearshore projects have not been studied in the same detail, however, there are two 

relevant nearshore projects that were tested at full-scale so far (i.e., the OSPREY and the 

Oceanlinx.MK1 prototypes). 

 
 

 

 

Figure has been removed due to Copyright restrictions. 

 

 

 

 

Figure 3.17: OSPREY during float out from the John Brown shipyard, Glasgow, Scotland. Source: (WaveNet, 2003). 

 
The Ocean Swell Powered Renewable EnergY (OSPREY) project was developed and 

coordinated by Applied Research and Technology Ltd. (a subsidiary company of Voith 

Hydro Wavegen). The prototype (Figure 3.17) was built in Glasgow in 1996 and it was 

designed to operate in shallow waters (i.e., < 20 m) at the north coast of Scotland 

(WaveNet, 2003). The original OSPREY was rated as 2 MW WEC with the possibility to 

install a 1.5 MW wind turbine at a later stage. The combination of the OWC device and 

the wind turbine was considered an additional advantage to maximise the overall power 

output and minimize the capital cost. Unfortunately, the first prototype was seriously 

damaged during its deployment phase and no performance data exists to determine its 

efficiency. A new OSPREY 2000 project was conceived and unlike the first one, which 
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was built in steel, the OSPREY 2000 was designed to be built using composite materials 

(Clément et al., 2002), unfortunately the OSPREY 2000 was never built. 

 

 

Figure has been removed due to Copyright restrictions. 

 

 

 

 

Figure 3.18: Side view of sea-bottom mounted Oceanlinx OWC device. Source: (Finnigan, 2004). 

 
The second nearshore prototype is the Oceanlinx MK1 from the Australian company 

Oceanlinx, which was built and deployed at Port Kembla Australia in 2005. The 

prototype was formed by a 10 m OWC chamber with 40 m wide parabolic-shaped 

collector walls. It was equipped with a Dennis-Auld turbine for a design installed power 

of 300 kW (Figure 3.18). Further details on the Oceanlinx MK1 can be found in 

(Finnigan, 2004, Oceanlinx Ltd., 2014). 

3.3.2. Floating OWC 

Floating OWC is the second large group where the OWC projects can be grouped on 

for the literature review conducted for this thesis. Floating OWC started to be considered 

as a real alternative for mass electricity production from the ocean waves in the 70’s when 

the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) tested the 

world’s first large-scale offshore floating OWC prototype, the KAIMEI. Since then other 

projects have also tackled the harness of ocean waves by a floating OWC -  e.g.; the Mighty 

Wale, Oceanlinx MK2&3, OE buoy and more recently the IST spar buoy. 

The KAIMEI (Figure 3.19) was an 80 m long and 12 m wide barge adapted to 

incorporate 9 turbine-generator groups which were connected to the respective 

lengthwise chambers open to the sea at the bottom. The main objective of the project was 
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to test under real conditions different air turbine concepts for OWC developed at an 

international level (Miyazaki and Masuda, 1980, JAMSTEC, 2014). 

 

 

Figure 3.19: The world’s first large-scale offshore floating OWC prototype, the KOHO00027. Source: (JAMSTEC, 
2014). 

 
The JAMSTEC developed also the Mighty Wale, another floating OWC which was 

conceived based on the experience obtained with the KAIMEI. The prototype was 

50 m x 30 m x 12 m in overall dimensions, and it was designed to float at a draft of 8 m. 

Equipped with three parallel chambers with a 1.7 m diameter two stage Wells turbine 

each, reaching a total installed power of 110 kW (Figure 3.20). The major conclusions 

made by JAMSTEC after the conclusion of the project were: (i) floating OWC face lower 

loads than fixed ones which contribute to a cost reduction; (ii) the increase of water depth 

generally increases the available wave energy; and (iii) the rigid-body motion of the 

floating device relative to the motion of the OWC can increase absorption of energy in 

certain wave conditions. Further details on the Mighty Wale prototype can be found in 

(Hotta et al., 1996, Washio et al., 2000). 
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Figure 3.20: The Mighty Wale floating OWC plant. Source: (JAMSTEC, 2014). 

 

 
Figure 3.21: OE12 quarter scale device on test at sea in Galway Bay, Ireland. Source: (Ocean Energy Ltd, 2012). 

 
Another floating OWC is the 2.5 MW blueWAVE from Oceanlinx which has been 

developed based on the test of their 1/3 rd. scale prototypes MK2 and MK3 at Port 

Kembla (Australia) (Oceanlinx Ltd., 2014). Another similar floating OWC project is the 

OE Buoy developed by Ocean Energy Ltd. (Ireland). The OE Buoy is a wave power 

generation platform which the company claims “is designed for survivability” (Figure 

3.21). The platform was deployed and tested at the west coast of Ireland in 2006 (Ocean 

Energy Ltd, 2012). Further details about this project can be found in (O'Sullivan and 

Lewis, 2008, Thiebaut et al., 2011, O’Sullivan et al., 2011). 
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Figure 3.22: Schematic representation of the IST floating OWC. Source: (Henriques et al., 2013). 

 
A new concept of floating OWC is the spar buoy from the Instituto Superior Tecnico 

(IST) of Lisbon (Portugal). The IST have developed a concept which integrates an OWC 

chamber into a spar buoy floating device (Figure 3.22), they also integrate into this 

prototype their bi-radial turbine (see section 3.2.2.3) which due to its compact size 

reduces the centre of gravity of the floating body, increasing its stability. Looking at the 

control possibilities they consider three options: (i) maximising the movement of the 

buoy; (ii) maximising the movement of the free surface inside the buoy and minimize the 

buoy movements; or maximise both movements, buoy and water inside the chamber and 

force them to have opposite phases - i.e., the movements are equal and opposite. With 

the last third option, they have achieved interesting results for regular waves, however 

controlling both movements to be in anti-phase most of the time in irregular waves is not 

trivial and it is something that must be solved to make this option a reality. Further 

information and test data about the IST floating OWC can be found in (Gomes et al., 
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2011, Gomes et al., 2012a, Falcão et al., 2012, Henriques et al., 2012, Gomes et al., 2012b, 

Falcão et al., 2013c, Henriques et al., 2013). 

3.4. Modelling the OWC system 

The OWC, among the different WEC technologies, is the one which has been most 

investigated in regards to the theoretical device modelling, as well as in experimental 

testing and development of physical models. Initial works have concentrated on the 

hydrodynamics of the chamber, the turbine used as a PTO and the aerodynamics 

separately. Some of this previous works can be found in (Lee et al., 1996, Evans, 1982, 

Evans et al., 1995, Sarmento, 1993). 

However, as Weber and Thomas (2001) say, 

In the context of optimisation it is cruelly important to be able to deal 
with complete system models rather than with models of subsystems. 
In order to obtain a sufficiently accurate systems model, both 
hydrodynamic and aerodynamic subsystems have to be coupled 
accurately. The incorporation of more physical phenomena into the 
system model will also increase the number of relevant design 
parameters; this will offer more possibilities of optimisation and lead 
to more realistic models and improved designs. 

 
Figure 3.23 shows the different OWC physical domains and their respective problems 

to be considered when a combined multi-domain approach is intended to analyse an 

OWC system. Weber and Thomas (2001) complemented the work of Sarmento (1990) 

and Evans and Porter (1995) by the integration of the air compressibility effects on the 

previous works on the hydrodynamic optimisation of the OWC chamber and PTO. A 

detailed description of the completed algorithm of the combined hydrodynamic-

aerodynamic systems coupling - applicable to the optimisation of a given OWC 

structure - is beyond the scope of this chapter, however, a description of one of the 

essential sub-systems coupling mechanisms is now described as it is in direct relevance 

to the work carried out in the present thesis - i.e., the direct relationship between the 

motion of the free surface of the water inside the OWC chamber and the air turbine. 
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Figure 3.23: Domains and their problems. Source: (Weber and Thomas, 2001). 

3.4.1. Hydrodynamics of OWC 

This subsection briefly presents the hydrodynamics of a fixed-structure single-OWC 

plant based on linear water wave theory. More complex situations - i.e., multi-OWC 

plants and floating-structure OWC - can be found in (Falnes and McIver, 1985, Falnes, 

2002, Falcão and Gato, 2012). 

 

Figure 3.24: Cross section view of device model – note that the symbols described in this figure does not need to 
match the ones used in this thesis, as it used to give better visual interpretation. Source: (Weber and Thomas, 2001). 
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When the OWC system is subject to the action of an incident wave field - as 

schematically represented in Figure 3.24 - the motion of the water free surface at the 

inner part of the chamber, driven by the action of the incident wave field, displaces a 

volume flow of air 𝑞(𝑡) and produces an oscillating air pressure 𝑝𝑎 + 𝑝(𝑡) - where 𝑝𝑎 is 

the atmospheric pressure (Falcão and Gato, 2012). Using linear wave theory (Evans, 

1982), the volume flow rate 𝑞(𝑡) can be expressed as the sum of the diffraction air flow 

rate 𝑞𝑑(𝑡) due to the incident waves, when the internal pressure is kept constant and 

equal to 𝑝𝑎 and the radiation flow rate 𝑞𝑟(𝑡) caused by the oscillating air pressure in the 

OWC chamber in the absence of incident waves 𝑞(𝑡) = 𝑞𝑑(𝑡) + 𝑞𝑟(𝑡) (Gareev, 2011). The 

mass flow rate of air leaving the chamber through the turbine is given as: 

�̇� = −
𝑑(𝜌𝑎𝑉)

𝑑𝑡
  (3.1) 

where 𝜌𝑎 and V are the density and air volume inside the chamber, respectively. 

Assuming that the relative variations in 𝜌𝑎 and V are small (which is consistent with the 

linear wave theory), and, in addition, that 𝜌 is related to the pressure 𝑝 + 𝑝𝑎 through the 

linearized isentropic relationship (Falcão and Justino, 1999). Considering that 𝑑𝑉 𝑑𝑡⁄ =

−𝑞 the mass flow rate �̇� can be defined as: 

�̇� = 𝜌𝑎𝑞 −
𝑉0

𝑐𝑎
2

𝑑𝑝

𝑑𝑡
  (3.2) 

where 𝜌𝑎  and 𝑐𝑎  are, respectively, air density and speed of sound in atmospheric 

conditions and 𝑉0 is the undisturbed value of 𝑉 (Falcão and Gato, 2012). 

The theory of turbomachines represents the most suitable and widely used method 

to describe the turbine behaviour, and to relate �̇� to 𝑝. The theory states that the air mass 

flow rate through the turbine and the generated aerodynamic torque depend on the 

pressure 𝑝 and on the rotational speed 𝜔. In order to evaluate �̇� and 𝑝 is necessary to 

introduce the three non-dimensional coefficients of pressure Ψ, flow rate Φ and power 

Π, defined by Dixon (1978), as: 

Ψ =
Δ𝑝

𝜌𝑎𝜔2𝐷𝑡
2 (3.3) 
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Φ =
�̇�

𝜌𝑎𝜔𝐷𝑡
3 (3.4) 

Π =
𝑃𝑡

𝜌𝑎𝜔3𝐷𝑡
5 (3.5) 

where Δ𝑝 is the pressure difference to which the turbine is exposed to, �̇� is the mass 

flux through the turbine and 𝑃𝑡 is the mechanical power output at the turbine shaft and 

is the 𝐷𝑡diameter of the turbine. Thus, the turbine characteristic can be described by: 

Ψ = 𝑓𝑃(Ψ) (3.6) 

Φ = 𝑓𝑄(Ψ) (3.7) 

Equation (3.7) together with Equation (3.3) and Equation (3.4) relate �̇� to 𝑝 for a 

given turbine and rotational speed 𝜔. 

The pneumatic power output at the turbine is defined by Equation (3.8) which is the 

product of the volume flow rate through the turbine and the air pressure drop or 

differential pressure between both sides of the turbine (inside and outside the chamber). 

𝑃 = 𝑞 Δp (3.8) 

Finally, the conversion efficiency of the OWC chamber can be characterised by the 

Capture Width (CW), which is the ratio between the absorbed pneumatic power (P) to 

the incident wave power per metre of wave front (J). 

𝐶𝑊 =
𝑃

𝐽 
 (3.9) 

Alternatively, the Capture Width Ratio (CWR) or capture efficiency can be also 

defined as the ratio between the absorbed pneumatic power (P) to the incident wave 

power per metre of wave front (J) times a relevant dimension (l) in m - note than this is 

not a proper efficiency as it may in principle be larger than one (Curran et al., 1998). 

𝐶𝑊𝑅 =
𝑃

𝐽 𝑙
 (3.10) 

3.4.2. The air turbine 

A crucial element which affects the OWC performance is the PTO, as it affects directly 

the damping and stiffness of the hydrodynamic and aerodynamic responses of the 

system. Thus, modelling the air turbine properly is essential to obtain a representative 
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model of the pertinent OWC prototype. Attending to the damping characteristics of the 

turbines, two main groups can be outlined linear and non-linear turbines. 

Linear turbines are those where the relation between the pressure and mass flow rate 

is linear. The example more characteristic of the linear turbines is the Wells turbine. The 

non-linear turbines are all the other ones where this response is non-linear - it is worth 

to remark here that the impulse turbine has a quadratic response. In order to model these 

responses two main techniques have been considered so far. A porous media with a linear 

damping response, which has been used to model the linear turbines such as the Wells 

turbine (Sarmento, 1993, El Marjani et al., 2008); and a simple orifice to do the 

equivalent with impulse turbines (Wang et al., 2002, Morris-Thomas et al., 2007, 

Thiruvenkatasamy and Neelamani, 1997, Gouaud et al., 2010, López et al., 2015a, 

Pereiras et al., 2015) - i.e., orifices have a quadratic response as the impulse turbine. 

3.5. Review of previous research on OWCs 

The term Oscillating Water Column (OWC) was first published by Evans (1978). 

Previously, the concept used to be known as the Masuda device or Masuda Buoy, since 

the 40’s when Yoshio Masuda developed an OWC navigation buoy powered with an air 

turbine. Nowadays, OWCs are a well known type of WEC with a large background of 

research and development (as seen in previous sections). Carbon Trust (2005), Heath 

(2012) and Falcão and Henriques (2016) published reviews about the OWC technology. 

Which are completed with the review of air turbines for OWCs published by Falcão and 

Gato (2012). 

In addition, Babarit (2015) published a database where the hydrodynamic 

performance - or Capture Width Ratio (CWR) - of a comprehensive set of WECs is 

presented, including data from about 11 different OWC concepts. The database is 

complemented with a relationship between the CWR and the characteristic dimension 

for the different WECs by means of statistical methods. In particular, the proposed 

relationship for OWCs is defined by means of a best fit equation and the 95% confidence 

interval, given by Equation (3.11) and Equation (3.12) respectively. From this statistical 
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analysis, a mean value of the CWR of 29% and a standard deviation of 19% was found for 

OWCs. 

𝐶𝑊𝑅 = 1.4𝐵 + 2.1, 𝐵 ∈ [0,40] (3.11) 

𝐶𝑊𝑅 ± 30√1.1 +
(𝐵 − 21)2

81
 (3.12) 

where B is the characteristic dimension of the OWC. 

The research carried out this thesis is mostly focused on the modelling of an OWC 

WEC sub-system of a hybrid wind-wave energy converter by means of physical and 

numerical modelling. Hence, a summary of the most relevant research conducted on 

Physical and numerical modelling of OWCs during the past decades is presented next. 

3.5.1. Physical modelling of OWCs 

The use of physical modelling during the development phase of an OWC is a common 

engineering tool, especially when non-linear effects are relevant – i.e., when, for example 

large amplitude waves, large amplitude motions of the free surface or the OWC body, 

turbulence and vortex shedding are present – and for the validation of complex 

numerical models. The first step to test a model of an OWC is to consider the necessary 

dimensional analysis, addressed by McCormick (1981) and more recently in (Heller, 

2012, Sheng et al., 2014). 

OWCs present a particular singularity when doing model testing in waves. The 

Froude geometric similarity is considered for the part of the OWC which is under the 

water, in order to represent properly the hydrodynamic part of the system. However, if 

Froude geometric similarity is considered to scale down the part of the system that is 

above the water, some issues arise related to the turbine and the air compressibility 

effects. The effects of air compressibility in scaled models was first addressed by 

Sarmento and Falcão (1985) and later in other publications such as, for example: as 

(Sarmento, 1993, Weber, 2007). These publications show that the similitude factor, or 

scale ratio, of the air volume inside the OWC chamber should be 𝑁𝐿
2  instead of 𝑁𝐿

3 , 

otherwise it may result in substantial errors when extrapolating the power output to full 
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scale from the small scale. These works have been complemented by Falcão and 

Henriques (2014) where the scaling issues when considering air turbines for OWC 

systems is also tackled. 

If the model of the OWC is of a small scale and of a bottom-fixed device, increasing 

the volume of air of the OWC chamber is not difficult to achieve. However, there are 

many of other situations where to increase the air volume would bring a number of 

additional problems, making it unpractical. Some examples can be found in (Iturrioz et 

al., 2014, Fleming et al., 2012, Patel et al., 2013, Morris-Thomas et al., 2007, Wang et al., 

2002, López and Iglesias, 2014). 

In the past couple of decades, several publications tackled the physical modelling of 

OWCs and its experimental set-up, for example: Sarmento (1993) published the physical 

modelling tests for a 1/35 scale model of the Pico OWC power plant. Thiruvenkatasamy 

and Neelamani (1997) tested a 1/50 scale model of an array of multi-resonant OWCs 

mounted on caissons, to investigate how the relationship between the width of the OWC 

chamber and the spacing between chambers affects the performance of the OWC. Lopes 

et al. (2009) conducted a set of experimental tests to validate dynamic models and 

latching control algorithms, by considering a vertical cylindrical OWC chamber 

connected to a valve. Dizadji and Sajadian (2011) conducted an experimental campaign 

on a scale model of the LIMPET OWC power plant, the experiments investigated the 

optimisation of the geometry of the OWC chamber by changing the angle of the front lip 

wall. Martinelli et al. (2011) published a methodology to select the optimal power 

generation capacity of a WEC based on the experimental modelling of a 1/40 scale model 

of the LEANCON OWC device and a 1/20 scale model of the DEXA wave activated body 

type of WEC. Sheng et al. (2012a) published the results of an experimental campaign 

where the performance of a vertical cylindrical floating OWC was studied. Gomes et al. 

(2012b) carried out a small scale experimental test campaign on the IST spar-type of 

floating OWC, considering a 1/120 scale model. Martinelli et al. (2013) published the 

results of the experimental modelling of the Seabreath, a floating OWC adapted for the 

Mediterranean Sea. Finally, López et al. (2015a) published the results of a physical 
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modelling experimental campaign of a 1/25 scale model of a breakwater mounted OWC, 

where the hydrodynamic performance of the OWC chamber was analysed by means of 

particle image velocimetry, used to characterise the flow – i.e., kinetic energy, velocity 

and vorticity fields. 

3.5.2. Numerical modelling of OWCs 

The use of numerical modelling to solve complex engineering problems is something 

widely extended in the academy and industry. More in particular, the use of numerical 

modelling to study and predict the performance of a WEC is something that is also widely 

extended and recommended in various guidelines (Topper, 2010, Vyzikas, 2014). Thus, 

the development of an accurate and realistic numerical model is a fundamental step 

during the development of a novel WEC. However, this model should be properly 

validated in order to be representative of the reality, and it is here where the physical and 

numerical modelling complements to each other, by using the results and data from the 

physical modelling campaign to validate the numerical one. 

Over the last few decades, the improvements in computational capacity and the 

implementation of novel numerical methods, have positioned the numerical modelling 

– Computational Fluid Dynamics (CFD) methods – as powerful tools to study complex 

physical problems. These improvements have been even more relevant during the last 

decade, with the new parallel computation and the cost reduction of High Performance 

Computing (HPC) making them accessible to most universities and companies. This has 

allowed numerical modelling to solve larger and more complex problems. In the 

particular case of WECs these improvements have allowed to obtain accurate models, 

enabling: (i) studding from different geometries to numerous wave conditions avoiding 

the construction of expensive and time consuming physical models; (ii) reduce the 

extremely expensive laboratory testing times; (iii) test a wider number of model tests at 

a lower cost; and (iv) allows the possibility to perform optimisation processes. Thus, it is 

in the initial phases of the development of a WEC where the validation of an accurate 

numerical model is an essential tool. In any case, to completely neglect the physical 

model it is not possible, as numerical models require a proper validation. 
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Among the numerical models used to study the performance of a WEC, and more in 

particular and OWC, two are the most standing ones: The group is formed by the 

potential flow models, usually solved by a Boundary Element Method (BEM). From these 

models stand out: First, the AquaDyn (Delhommeau, 1987) which was adapted by Brito-

Melo et al. (1999) to study the hydrodynamic performance of the Pico OWC Plant. The 

second widely used BEM method is WAMIT (Lee, 1995), which was applied by Lopes et 

al. (2007) to study the incidence of regular waves on a cylindrical duct to simulate a 

floating OWC; or the similar approach taken by Sykes et al. (2007) analysing first a fixed 

cylindrical OWC and them a floating one. Gomes et al. (2012a) presented an optimized 

geometry for a floating OWC, which was modelled in the frequency domain by assuming 

two degrees of freedom. Aubault et al. (2011) modelled a floating wave-wind hybrid 

platform focussing on the coupling between the floating foundation and the OWC. Josset 

and Clement (2007) estimated the annual performance of the Pico OWC Plant in the 

Azores by means of a time-domain BEM. The accuracy of BEM models and their 

suitability as efficient hydrodynamic models for a generic bottom fixed OWC was disused 

by Delauré and Lewis (2003). Finally, a recent work by Nader et al. (2012) studies the 

scattered waves around an OWC by means of a novel Finite Element Model (FEM). 

The second group of numerical models combines those based on the Reynolds 

Averaged Navier-Stokes (RANS) equations. In contrast with the potential flow models, 

RANS models present big advantage of solving the velocity field on the whole domain, 

but also, they allow facing other problems, such as: wave breaking and non-linear and 

dispersion effects. In particular, the Volume Of Fluid (VOF) method (Hirt and Nichols, 

1981) to define the free surface boundary condition represents a very powerful tool to 

model the hydrodynamics of OWCs. Marjani, et al. (2008) modelled the flow behaviour 

in the air chamber of an OWC by using the Fluent code. Paixão Conde et al. (2008) 

tackled a numerical study of an OWC by analysing the flow distribution in the chamber, 

as well as the properties of the air-jet impinging on the free surface. Zhang et al. (2012) 

developed a 2D-RANS model to study wave interaction with a semi-submerged OWC 

chamber and analyse its impact on the energy efficiency. Teixeira et al. (2013) studied 
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the chamber geometry (front wall depth, chamber length and chamber height) and 

turbine characteristic relation by means of FLUINCO model, based on RANS equations. 

A comparison between FLUINCO and Fluent models was also carried out, obtaining a 

good agreement. More recently López, et al. (2014) presented the optimisation of 

turbine-induced damping for an OWC by using a RANS-VOF model implemented in 

Star-CCM+. Then, this procedure is applied by López, et al. (2016) to select the optimum 

turbine-induced damping for site specific. 

3.6. Conclusion of the chapter 

In the current chapter an extensive review of the state of the art in OWC technologies 

has been done. This has been based on an extensive literature review of the more relevant 

bibliography and research. First, a complete description of the OWC technology and its 

main three sub-systems - i.e., the chamber, the air turbine and the control strategies - was 

given. Secondly, a review of the more relevant OWC prototypes, which have been tested 

so far, were classified and described. Thirdly, the concepts which should be considered 

to model an OWC system were presented, including the hydrodynamics and air turbine 

modelling issues. Finally, an overview of the most relevant research carried out about 

OWC during the last two decades has been presented, giving special attention to the 

research tackling physical and numerical modelling. 
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4.1. Introduction 

This chapter builds upon the literature review, conducted so far in previous chapters, 

to propose a new concept of hybrid wind wave energy converter with an OWC as WEC 

sub-system. Furthermore, the development process for the prototype is presented and 

the work carried out in this thesis framed within this process. Parts of this chapter have 

been previously reproduced in the conference papers (Perez and Iglesias, 2012a, Perez 

and Iglesias, 2012b) and the hybrid wind-wave concept defined in Section 4.3 included 

in a patent (Collazo et al., 2016), with application number PTC/GB2016/051403. 

Section 2 of this chapter outlines the main concepts that should be taken in 

consideration when addressing the feasibility of a hybrid wind-wave concept, such as: (i) 

technology development protocol; (ii) available design guidelines, standards and 

recommendations; (iii) The MARINA concept development method; and (iv) the 

requirements for a feasible hybrid energy converter. Section 3, covers the definition of 

the conceptual design of a hybrid wind-wave energy converter. Section 4 defines the 

framework of the work carried out in this thesis within the development of the proposed 

hybrid energy converter. Finally, Section 5 presents the conclusions of the chapter. 

4.2. Feasibility of hybrid concepts 

4.2.1. Technology development protocol 

There are a wide set of evaluation protocols for the development of MRE devices, 

which are based on the Technology Readiness Level (TRL), a classical engineering 

method for development of novel concepts that was first introduced by the National 

Aeronautics and Space Administration (NASA). Among MRE industry it’s a common 

practice to classify the development protocol of devices into five different stages or 

phases which cover the 9 levels of TRL. The main idea behind this classification is to 

structure the development of a new concept into different levels, so the required 

knowledge is obtained at different stages. Scale physical modelling and numerical 

modelling tools are commonly used to develop concepts at stages 1 and 2 and to test some 
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components at larger scale in stage 3, covering TRL levels from 1 to 5. TRL 6 usually goes 

through the testing a large-scale model (λ: 1:2-15) of the device at a nursey test site where 

it is exposed to sheltered sea conditions. Larger TRL levels (7 and 8) group technologies 

that have been proved and whose next step of development requires testing under real 

conditions of operation. The final development stage (TRL 9) involves the testing of 

arrays of devices (typically 3 to 5 devices), in order to prove the interaction between 

devices and validate the economics of the device. Table 4.1 shows the relationship 

between the different stages of development and the Technology Readiness Levels (TRL). 

 
Table 4.1: Stage structured development plant for a MRE concept. Source: Adapted from (HMRC and Marine Institute 
of Ireland, 2003). 

Development TRL Objective Model scale 

    

Stage 1 Model validation 

1 Proof of concept 

λ: 1:25-100 2 Performance convergence 

3 Device optimisation 

Stage 2 Model design 4 Device validation λ: 1:10-25 

Stage 3 Systems validation 
5 Sub-systems validation 

λ: 1:2-10 
6 Sea trials 

Stage 4 Prototype 
7 Solo prototype, sheltered, grid modelled 

λ: 1:1-2 
8 Solo prototype, exposed, grid connected 

Stage 5 Demonstration 9 Multi-device array λ: 1:1 

    
 
Further information about the technology development protocols and a more in deep 

description of each stage can be found in (Holmes, 2009, HMRC and Marine Institute of 

Ireland, 2003). 

The above technology development protocols refer only to the development of MRE 

devices and floating offshore wind turbines, however, as this thesis covers the 

development of novel hybrid wind-wave devices, considering technologies at an early 

stage of development, it is also suitable for it to be applied. 

4.2.2. Available design guidelines, standards and recommendations 

Multipurpose platforms, and in particular hybrid wind-wave devices, are novel 

technologies which have not been implemented yet and if so, it has only been done at a 



Chapter 4: The Hybrid Concept  

- 97 - 

concept or early prototype stage. This particularity, makes that standards and industrial 

guidelines have not been written yet. Although, some European funded projects (e.g., EU 

FP7 MARINA Platform, EU FP7 H2Ocean, EU FP7 MERMAID, and EU FP& TROPOS) 

went through this issue and defined some recommendations. 

The existence of appropriate standards and industrial guidelines is crucial for the 

development of devices that are cost effective and able to take on extreme events. This is 

so the novel technologies under development are able to secure the required funding for 

them to become a reality. Although, standards and guidelines for combined wind-wave 

energies have not been proposed yet, some recognised international organisations or 

collaborative projects have done it for offshore wind and wave energy individually. Table 

4.2 shows an up-to-date list of standards and guidelines that have been published so far, 

their reference and the publication year. 

 
Table 4.2: Standards and guidelines on Marine Renewable Energy. Source: adapted from (MARINA Platform, 2013b). 

Reference Title Year 

   
IEC 62600 Marine energy -Wave, tidal and other water current converters 

(being drafted) 2011-… 

OES Recommended practices for testing and evaluating ocean energy 
systems 2011 

EquiMar High level EquiMar Protocols 2010 

EMEC Marine Renewable Energy Guides (series of 12 guidelines) 2009 

BV NI 603 Current and Tidal turbines 2013 

BV NI 572 Classification and certification of Floating Offshore Wind Turbines 
(FOWT) 2010 

DNV OS J101 Design of Offshore Wind Turbine Structure (including FOWT) 2013 

DNV OSS 312 Certification of Tidal and Wave Energy Converter 2012 

GL Guideline for the Certification of Offshore Wind Turbines 
(including FOWT) 2012 

GL Guideline for the Certification of Ocean Energy Converters – Part 1: 
Ocean Current Turbines 2005 

ABS Guide for building and classing floating offshore wind turbine 
installations 2013 

Lloyd’s Guidance on offshore wind farm certification (including FOWT) 2012 

   
 
Notwithstanding, literature about MRE is still rare and claimed to be overly 

conservative in terms of the safety standards expected to be adhered to during the design 

phase of the technology (O'Sullivan, 2014), resulting in designs that does not match the 
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requirements of a sector that needs to reduce costs to ensure survivability at the time 

that maximises the energy yield. To fill this lack of industry adapted standards, the 

International Electrotechnical Commission (IEC) created in 2007 a working group called 

“TC 114”, with the main aim of developing standards for ocean energy conversion 

systems. The standard IEC 62600, when completed, will address a range of different 

fields, such as: system definition, performance measurements of the energy converters, 

resource assessment requirements, safety requirements, power quality, manufacturing 

and factory testing, environmental impacts, etc. 

Table 4.3 presents a list of internationally recognised classification and certification 

organisations that have published standards in the field of offshore wind, MRE or related 

matters to the development of hybrid wind-wave devices. Other organisations or 

collaborative projects that have similar guidelines or recommended practices are listed 

in Table 4.4. 

 
Table 4.3: Sources for standards from recognised international organisation on related matters. Source: adapted from 
(MARINA Platform, 2013b). 

Name of the organisation Link 

   ABS American Bureau of Shipping http://www.eagle.org/ 

API American Petroleum Institute http://www.techstreet.com 

BSI British Standard Institution http://shop.bsigroup.com 

BV Bureau Veritas http://www.veristar.com/wps/portal 

DEA Danish Energy Agency http://www.wt-certification.dk/ 

DIN Deutsches Institut für Normung http://www.din.de 

DNV-GL Det Norske Veritas - Germanischer Lloyd https://www.dnvgl.com 

IEC International Electrotechnical Commission http://webstore.iec.ch/  

ISO International Organization for Standardization http://www.iso.org 

Lloyd’s Lloyd’s Register http://www.webstore.lr.org/ 

NACE National Association of Corrosion Engineers http://www.nace.org 

NF Norme Française http://www.boutique.afnor.org 

   
 
 
 
 
 
 
 
 

http://www.eagle.org/
http://www.techstreet.com/
http://shop.bsigroup.com/
http://www.veristar.com/wps/portal
http://www.wt-certification.dk/
http://www.din.de/
https://www.dnvgl.com/
http://webstore.iec.ch/
http://www.iso.org/
http://www.webstore.lr.org/
http://www.nace.org/
http://www.boutique.afnor.org/
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Table 4.4: Sources for standards and guidelines from other organisations or collaborative projects on related matters. 

Name of the organisation/ project Link 

   EquiMar EU FP7 EquiMar Protocols http://www.equimar.org/ 

EMEC European Marine Energy Centre http://www.emec.org.uk/standards 

DTOcean EU FP& DTOcean Project http://www.dtocean.eu/ 

H2Ocean EU FP7 H2Ocean Project  http://www.h2ocean-project.eu/ 

MARINA EU FP7 MARINA Platform 
Project http://cordis.europa.eu/project/rcn/93425_en.html 

MERMAID EU FP7 MERMAID Project http://cordis.europa.eu/project/rcn/101743_en.html  

OES Ocean Energy Systems https://www.ocean-energy-systems.org/ 

TROPOS EU FP7 TROPOS Project http://www.troposplatform.eu/ 

   
 
 
Further information about existent guidelines and industrial standards for wave 

energy devices, offshore wind turbines, power systems and other related technologies 

susceptible to be relevant for the development of combined offshore wind and MRE 

devices can be find in (MARINA Platform, 2013b, O'Sullivan, 2014). 

4.2.3. The MARINA concept development methodology 

The EU FP7 funded Marine Renewable Integrated Application Platform or MARINA 

Platform project (MARINA Platform, 2014) went through the creation of combined 

wind-ocean energy concepts and the assessment of these concepts to determine their 

feasibility. MARINA developed a set of criteria or recommended practice guidelines for 

the development and evaluation of multi-purpose platforms, and in particular the 

combination of offshore wind and wave energies. 

Figure 4.1 presents the flow diagram of the main phases of the hybrid wind-wave 

development methodology proposed by the MARINA Platform Project. This 

methodology can be structured in six phases, going from the definition of an initial 

concept (TRL 1) in Phase 1 to the detailed design of a final prototype (TRL 5) in Phase 6. 

Phase 2 defines the selection process to establish an initial filter to dismiss the less 

promising concepts. Phase 3 does the first techno-economic assessment of the concepts 

and acts as input for the definition of the initial prototype in Phase 4, which is then fully 

assessed in Phase 5, which also acts as input for the definition of the final prototype. 

http://www.equimar.org/
http://www.emec.org.uk/standards
http://www.dtocean.eu/
http://www.h2ocean-project.eu/
http://cordis.europa.eu/project/rcn/93425_en.html
http://cordis.europa.eu/project/rcn/101743_en.html
https://www.ocean-energy-systems.org/
http://www.troposplatform.eu/
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Figure 4.1: Flow diagram of the main phases on the MARINA assessment methodology for Hybrid wind-wave 
concepts. Source: adapted from (Martinez Barrios et al., 2012, MARINA Platform, 2012). 
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It is not in the aim of this thesis to give a detailed description of each one of the phases 

and further information about the MARINA methodology and each one of its phases can 

be found in (MARINA Platform, 2012, Martinez Barrios et al., 2012). Although, a more 

detailed introduction to Phase 2  and Phase 3 is given next, as these two are of special 

relevance for the definition of a feasible hybrid wind-wave energy converter concept - It 

should be noted that the methodology defined by the MARINA Platform Project, is 

focused in the definition of hybrid wind-wave concepts based on actual technology and 

which in the end would have the possibility to be considered by offshore wind and wave 

energy developers with an acceptable level of risk, and so it only considers low to medium 

risk alternatives. 

4.2.3.1. Phase 2: Initial screening 

Phase 2 establishes a two-step filter where the initial concepts are sieved. The first 

filter defines a set of eligibility criteria which if matched in full, the concept passes to the 

second step; if matched partially, the concept goes through a creativity process and 

evaluated again; and if completely fails, the concept is discarded. The second filter 

discards the combination of technologies that on its own does not have a high TRL – this 

is so that only technologies that have been proved and sufficiently defined are considered 

for combination -, if this filter fails, the concept is kept in stand-by until the technology 

with the low TRL further develops. The eligibility criteria for the first filter can be listed 

as: 

Physically possible 

Only concepts that comply with physical laws and materials properties - e.g., density, 

strength, admissible accelerations, etc. - are considered. 

Only positive synergies 

The technologies considered to be combined must do it in a way that the combination 

of both will not jeopardise the integrity of the technologies on its own or combined. 
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Admissible engineering 

The combination of both technologies should not represent an engineering challenge 

and consider not complex engineering solutions to be achieved in a reasonable time. 

Acceptable complexity 

Combined concepts should be kept simple and do not introduce excessive complexity 

apart for the immediately related to the complexity of each sub-technology on its own. 

Balance between operational complexity and economics 

Only concepts where a balanced relationship between the economic benefits of the 

combined system and the increased operational complexity should be considered. 

4.2.3.2. Phase 3: Concept validation 

Phase 3 defines a set of technical and economic studies to assess how well concepts 

from Phase 2 perform. On the basis of the outputs from this assessment, a first decision 

where the concept is or not feasible can be taken, if successful the concept is then 

considered, and an initial version of the prototype is defined in Phase 4. First, the 

technical assessment covers three main points: (i) wind turbine/farm limitations – i.e., 

spacing between turbines, structural loading of fix substructures, etc. -; (ii) performance 

of WECs – e.g., power output, efficiency, mooring dynamics, etc. -; and (iii) 

characteristics of combined wind-wave resource. Then, the economic assessment takes a 

number of inputs and gives a number of outputs that will allow the evaluation of the 

economics of the combined device – note that at this stage, a simplified economic 

assessment is considered for comparative purposes only, and a detailed economic 

assessment is considered later in Phase 5. 

Inputs for the economic assessment 

─ Site conditions (e.g., resource, water depth, distance to shore, etc.); 

─ Wave energy performance (e.g., power output, efficiency, survivability, etc.); 

─ Substructure/platform characteristic (e.g., dimensions, surface, volume, 

materials, etc.); 

─ Wind turbine characteristics (e.g., power rated, power output, substructure, etc.); 
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─ Mooring system characteristic if used (e.g., operational area, etc.); and  

─ Feed-in tariff. 

Outputs from the simplified economic assessment 

─ Annual Energy Production (AEP); 

─ Device Cost Indicator (DCI); 

─ Capital Cost Indicator (CCI); and 

─ Cost of Energy Indicator (COEI). 

Further details about the technical and economic assessments can be found in 

(O'Sullivan and Murphy, 2012, MARINA Platform, 2012). 

4.2.4. Requirements for a feasible hybrid energy converter 

As a summary for the feasibility of hybrid concepts section, this sub-section, presents 

a set of requirements that any hybrid wind-wave concept should match for it to be 

feasible. These requirements are defined by considering the concepts introduced so far 

in the three previous sub-sections, together with the ideas discussed in Chapter 2. The 

following list of requirements complements the five eligibility criteria defined for Phase 

2 of the MARINA assessment methodology – note that the full set of new eligibility 

criteria (the five already defined by MARINA plus the new five ones defined next) will be 

considered for the initial evaluation of novel hybrid concept. 

Impact risk 

Combined concepts should be considered as a low-medium risk by offshore wind 

farm developers, for them to be a reality at short to medium-term. At a first instance 

wind developers, do not see combined concepts as a threat to their business model but 

as threat of “impact” – i.e., something that can jeopardise the physical integrity of the 

wind farm, and so as a high risk. For this, initial hybrid concepts may be considered as 

bottom-fix structures where there are no floating bodies around the wind farm, reducing 

so the risk of impact. 
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Co-location 

A hybrid concept to be successful should first prove its performance and operability 

on its own before it to be considered for integration in a real wind farm. This can be 

achieved by deploying the hybrid concept on its own at sea, mounted at a single turbine 

sub-structure, but also defining the hybrid concept in the way that it allows to be installed 

as a co-located device – this means that the novel platform will share physical space but 

not structure with the wind-farm. 

Scalability 

The selected technology should admit scalability, in the way that the initial versions 

of the technology are to be designed to be small and with a low-medium power output, 

but at the same time, the concept will allow to size up the scale without a need of 

redefining the whole concept. 

Cost reduction curve 

Cost reductions - in terms of, for example: economies of scale, migration to new and 

cheap materials, fast learning curves, etc.– are critical for novel technologies like this to 

reduce its LCOE to reasonable limits within a comprehensive period of time, and so to 

be a reality. 

Reverse-engineering 

Concepts that allow a reverse-engineering of existent wind farms, or projects that are 

being developed, without major changes to the wind farm part should be considered to 

have a competitive advantage. 

4.3. Conceptual design of a hybrid energy converter 

This section covers the definition of a novel hybrid wind-wave concept where an OWC 

is considered for the WEC sub-system, first by doing a preliminary evaluation of the 

concept and then defining the proposed WEC sub-system in depth. 
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4.3.1. Preliminary evaluation of the concept 

The combination of an OWC type of WEC and an offshore wind turbine mounted in 

a bottom-fixed substructure is considered here. This concept builds on the one presented 

by (Perez and Iglesias, 2012a). A conceptual representation of the proposed concept can 

be seen in Figure 4.2 considering two different types of substructure – i.e., a monopile in 

the left-hand side of the figure and a jacket frame in the right-hand side of the figure. 

 

 

Figure 4.2: Conceptual representation of the hybrid OWC-Wind converters. Source: (Perez and Iglesias, 2012a). 

 
OWC mounted on a monopile 

This first solution integrates a cylindrical OWC chamber around a monopile 

substructure. The chamber is fixed to the monopile, bottom open and connected at the 

upper part to an air turbine - e.g., a Wells or an impulse turbine. As mentioned in 

Chapter 2 the monopile is the most extended type of substructure system, and their 

diameters range from 4 m to 6 m according to the type of wind turbine holding – i.e., the 

offshore wind turbine models used together with monopiles range from 3 MW to 5 MW 

and have a hub height between 70 m and 100 m over the mean sea level. Moreover, the 

water depth for monopile mounted wind farms ranges from 10 m to nearly 30 m 

(Hartvig, 2011). 
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OWC mounted on a jacket-frame 

The OWC mounted on a jacket frame substructure is the second alternative for this 

concept. The free space inside the jacket foundation is used to install an OWC chamber. 

The chamber has a conical shape in order to optimise the space inside the substructure 

and at the same time retain the advantage of a circular base – i.e., to be wave directional 

independent. Like the previous concept, the chamber is fixed to the substructure and 

bottom open. Jacket frame substructures for offshore wind are one of the new types of 

foundation systems increasing its market share, especially due to every time more 

frequent deeper offshore wind farms (see Chapter 2). This type of substructures usually 

consists on tubular lattice towers which are designed to be deployed at water depths 

ranging from 20 m to up to 50 m, and usually mounts turbines of 5 MW. 

4.3.1.1. Initial screening 

The two different configurations of the proposed hybrid concept are evaluated with 

the feasibility criteria defined in Section 4.2.4 plus the TRL filter. The output from the 

initial screening is presented in Table 4.5. Both configurations show some common 

characteristics such as: (i) OWCs and both types of substructures are proven technologies 

with TRLs higher than 7; (ii) OWC are a type of WEC with a low complexity level and low 

operational cost; (iii) the WEC sub-system presents a more compact size compared with 

the wind turbine; (iv) these concepts does not present an impact risk as both use a 

bottom-fix substructure and have no floating parts; and (v) both devices are susceptible 

of achieving very favourable cost reduction curves, as both allow the implementation of 

economies of scale and the migration to new and cheap materials in a short period. 

From the analysis of the configuration mounted on a monopile, the following specific 

characteristics were found: (i) the structural demands on the monopile (which are 

already quite demanding) would be increased considerably by combining an OWC with 

it, so this may represent a risk for the hybrid concept; (ii) this alternative would allow an 

easy and cost effective co-location – i.e., an alternative version of the concept where the 

OWC is mounted in the same monopile substructure but without a wind turbine can be 

easily installed between wind turbines; (iii) the monopile does not restrict the maximum 
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size for the OWC chamber, apart for the structural demands due to additional loads, this 

means that this concept is suitable to be scaled-up in future iterations of the technology; 

and (iv) this solution allows the installation of the WEC sub-system a posteriori of the 

substructure, which also may allow to reverse engineer already functional wind farms. 

 
Table 4.5: Evaluation of the feasibility requirements for the two configurations of the proposed hybrid concept. 

 Monopile Jacket frame 

   Physically possible Yes Yes 

Only positive synergies Yes Yes 

Admissible engineering Maybe Yes 

Acceptable complexity Yes Yes 

Operational complexity vs. economics Yes Yes 

Impact risk None None 

Co-location Yes Maybe 

Scalability Yes Maybe 

Cost reduction curve Yes Yes 

Reverse-engineering Maybe No 

TRL > 7 Yes Yes 

   
 
Regarding the configuration mounted on a jacket frame, the following specific 

characteristics were found: (i) the structural demands on the jacket frame are wide lower 

than for a monopile and so it is more feasible for combination (ii) the jacket frame has 

the advantage, when compared to other types of substructures, of its reduced blockage 

to the incident waves – this means a lower level of loads due to wave breaking on the 

structure –, however, by installing an OWC in the inner part of the jacket frame this 

advantage may be reduced; (iii) the co-location is more difficult for this alternative, as 

the cost of a single jacket frame substructure is much higher now and may not be 

affordable for it to be used just to support the OWC without the wind turbine; (iv) the 

scalability of this configuration is wide more difficult than for the monopile - this time 

the jacket frame itself represents a physical barrier that defines the maximum size of the 

OWC chamber, and to scale-up the concept would require to define alternatives where 

additional OWCs are positioned in the external part of the jacket frame: and (v) this 

alternative requires for the OWC to be installed together with the jacket frame, not 
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allowing its installation a posteriori and so the reverse engineering of existent wind 

farms. 

In sum, from the initial screening of both configurations can be conclude that, in 

general, both alternatives pass the initial selection criteria. However, some of the 

requirements have been identified with “maybe” which means that further technical 

assessments should be conducted during the next development phase to address these 

challenges. 

4.3.1.2. Concept validation I: Technical assessment 

This section covers the first part of the concept validation, by doing a technical 

assessment of the concept in three different areas: (i) the limitations imposed by the wind 

turbine/farm, (ii) the limitations of the WEC technology and (iii) the characteristics of 

the combined resource. Table 4.6 presents the parameters and main characteristic that 

have been proposed for the two configurations of the hybrid concept (OWC-monopile 

and OWC-jacket frame). This set of parameters has been considered for the technical 

assessment carried out here and the economic assessment in the next section. 

Wind turbine/farm limitations 

The proposed wind turbine for both substructure configurations is the NREL 5.0 MW 

with a rotor diameter of 90 m. This turbine is widely used for assessing offshore wind 

farms, additional details about it can be found in (Jonkman et al., 2009). The current 

practice when defining the layout of a wind farm considers between 7 and 10 times the 

rotor distance for spacing the turbines, which for the proposed turbine means between 

630 m and 900 m. This large space between turbines represents an opportunity for co-

located devices to use this area. By using similar substructure technologies and 

considering the synergies of combined wind-wave farms – i.e., sharing cost of 

installation, licensing, grid connection, etc. – economies of scale may allow a cost 

reduction in the production and installation cost of the co-located devices. 
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Table 4.6: Characteristics of proposed prototype configurations, attending to the offshore wind sub-structure type, 
considered for the concept validation. Data sources: (Jonkman et al., 2009, IRENA, 2012). 

 Monopile Jacket frame 

   WEC sub-system 

Chamber shape Cylindrical Conical 

Chamber surface area 1,382 m2 1,325 m2 

Characteristic width 20 m 16.5 m 

Chamber height 12 m 15 m 

Maximum draught 7 8 

Max wave height 5 m – 6 m 6 m – 9 m 

Tidal range 3 m 

PTO type Air turbine: Bi-radial turbine 

Offshore wind 

Turbine NREL - 5.0 MW 

Turbine rated power 5,000 kW 

Hub height 90 m 

Rotor diameter 126 m 

Turbine capacity factor 0.45 

Monopile diameter/ Main lattice pile 
diameter 6 m 1.6 m 

Average wind speed 9 m/s 9 m/s 

Distance from shore 15 km 22 km 

Water depth 20 m 30 m 

Hinged pile length 26 m 5 m x 4 

Surface Area 853 m2 - 

   
 
Monopiles are slender bodies with an easy manufacturing process, however, with the 

increasing demand for wind turbines to go larger – i.e., increasing hub height and rotor 

diameter – the diameter and wall thickness of monopiles needs also to increase – e.g., a 

novel 7.5 m diameter, 85 m length and 1,200 tonnes type of monopile, supporting 6 MW 

Siemens turbines, is being installed at the Sif’s Maasvlakte 2 wind farm in The 

Netherlands (offshoreWIND.biz, 2017). Furthermore, as both rotor and monopile 

diameters increase, the natural frequency of the monopile increases at the time the 

angular velocity of the rotor decreases. This means an increase in the structural risks for 

monopiles which need to increase wall thickness to overcome possible failures. Hence, 

when considering the integration of the OWC chamber with the monopile, attention 

should be given to understand the effects that the additional structure would have on the 
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natural frequency and how wave breaking loading may affect the structural integrity of 

the proposed hybrid device. In this sense, jacket frame substructures are more resilient 

to the integration of the OWC chamber. However, the effect that the increased blockage 

may have on the wave breaking loads on the structure needs to be studied. 

The retro-engineering of existing wind farms is quite unlikely, at least for those using 

the two proposed substructures, due to the sensibility of monopiles to increase loads on 

them and the difficulty of jacket frames to install an OWC chamber once the jacket is in 

place. However, other types of substructures – i.e., tri-piles and tripods – may be more 

resilient and additional research should tackle this possibility. 

WEC limitations 

The type of WEC considered for integration is an oscillating water column, which 

although has been widely developed and is well known, rarely has been developed as a 

bottom-fix structure offshore (see Chapter 3). Understanding the implications of how the 

OWC performs with the proposed configuration and its interaction with the offshore 

wind substructure and the wave field is of special relevance for the development of the 

proposed concept, but also to understand the influence of the shadow effect on the inner 

wind farm (Astariz and Iglesias, 2015b). 

The performance of an OWC is directly related to the damping of the selected turbine, 

the wave period and wave height, but also to the tidal range (López et al., 2015b). 

Designing an OWC chamber to be combined with an offshore wind turbine requires to 

take into account large tidal ranges, which in the end will increase the overall weight of 

the structure and reduce the efficiency of the OWC. Hence, the optimisation of the 

geometry of the OWC chamber is crucial to maximise energy production, at the time that 

the loads transmitted to the offshore wind substructure are minimised. 

Combined resource 

Wave and offshore wind are two completely different types of renewable energy 

resources, although the joint exploitation of both resources together at the same location 

has some particularities, as shown in (Cradden et al., 2011, Fernandez Chozas et al., 

2013). In particular, both resources have shown a medium to high correlation of the wind 
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and wave time series, being the maximum for both resources delayed in time between 1 

and 5 hours. A practical implication of this temporal delay is that the electric systems in 

a combined wind-wave device or array may not need to be designed to match the 

maximum power output of the combined resource, as both maximums are not going to 

occur at the same time. However, future research should be conducted around this point 

and see where this is a feasible solution or not. 

Furthermore, when looking at the wave resource at current offshore wind farms 

(Astariz et al., 2015a), it can be appreciated that a degree of directionality in the incident 

waves is present. This means that when designing the hybrid prototype, wave 

directionality and how much this would affect the performance of the OWC should be 

considered. 

4.3.1.3. Concept validation II: Economic assessment 

The second part of the concept validation tackles a simplified economic assessment 

of the two configurations of the proposed concept – note that a full economic assessment 

cannot be done at this stage of development, as a detailed definition of the prototype and 

the whole hybrid farm would be needed. The economic assessment considered here is 

the one proposed in the MARINA project (see Section 4.2.3.2), which defines the Cost of 

Energy Indicator (COEI) as an indicator to quantify the capital cost of the hybrid device 

in relation to its annual energy production – it is important to note that the COEI is not 

an estimation of the cost of energy, but an indicator to compare different configurations 

and alternatives among themselves. The COEI is defined as 

𝐶𝑂𝐸𝐼 =
𝐶𝐶𝐼

20 𝐴𝐸𝑃
 (4.1) 

where, CCI is the Capital Cost Indicator and AEP the Annual Energy Production, defined 

by Equation (4.2) and Equation (4.3) respectively.  

𝐶𝐶𝐼 = 𝐶𝑆𝑢𝑏𝑠 + 𝐶𝐵𝑎𝑙𝑙𝑎𝑠𝑡 + 𝐶𝑊𝐸𝐶 + 𝐶𝑀&𝐸,𝑊𝐸𝐶𝑃𝑟𝑎𝑡𝑒𝑑,𝑊𝐸𝐶 + 𝐶𝑂𝑊𝑇𝑃𝑟𝑎𝑡𝑒𝑑,𝑂𝑊𝑇 (4.2) 

𝐴𝐸𝑃 = (𝐶𝐹𝑊𝐸𝐶𝑃𝑟𝑎𝑡𝑒𝑑,𝑊𝐸𝐶 + 𝐶𝐹𝑂𝑊𝑇𝑃𝑟𝑎𝑡𝑒𝑑,𝑂𝑊𝑇)𝐶𝐴 (4.3) 

where, 𝐶𝑆𝑢𝑏𝑠  and 𝐶𝑊𝐸𝐶  are total production cost of the substructure and the WEC 

respectively, 𝐶𝐵𝑎𝑙𝑙𝑎𝑠𝑡 the cost of the ballast if used, 𝐶𝑀&𝐸,𝑊𝐸𝐶  the unit cost of the 
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mechanical and electrical equipment for the WEC, 𝐶𝑂𝑊𝑇 the unit cost for the offshore 

wind turbine, 𝑃𝑟𝑎𝑡𝑒𝑑,𝑂𝑊𝑇 the power rate for the offshore wind turbine and 𝑃𝑟𝑎𝑡𝑒𝑑,𝑊𝐸𝐶 the 

power rate for the WEC, given by: 

𝑃𝑟𝑎𝑡𝑒𝑑,𝑊𝐸𝐶 =
1

𝐶𝐹𝑊𝐸𝐶
𝜂𝑃𝑇𝑂 ∙ 𝑃𝑎𝑏𝑠,𝑊𝐸𝐶 (4.4) 

𝑃𝑎𝑏𝑠,𝑊𝐸𝐶 = 𝐶𝑊𝑅 ∙ 𝐽 ∙ 𝐵 (4.5) 

where, CFWEC if the WEC capture factor, 𝜂𝑃𝑇𝑂  the efficiency of the PTO, 𝑃𝑎𝑏𝑠,𝑊𝐸𝐶  the 

power absorbed for the WEC from the incident wave, CWR the WEC capture width ratio, 

J the power per metre of wave front and B the characteristic dimension of the WEC. 

Table 4.7 present the production costs for the two different WEC configurations and 

the two substructures respectively. The two OWCs production costs are based on the 

surface area for each one of the devices from Table 4.6 and assuming a structural material 

thickness of 30 mm. A manufacturing complexity factor of 200% is assumed for the 

cylindrical chamber and 250% for the conical one. 

 
Table 4.7: Production costs for the two WEC sub-systems configurations. Data sources: (Myhr et al., 2014, 
EngineeringToolBox, 2017, MARINA Platform, 2012). 

 Cylindrical Conical 

   Structural material thickness 30 mm 

Carbon steel density 7,850 kg/m3 

Materials mass 326 tonnes 312 tonnes 

Steel price 1,000 €/tonne 

Materials cost 325 k€ 312 k€ 

Manufacturing complexity factor 200% 250% 

Manufacturing cost 651 k€ 780 k€ 

Total production cost (COWC) 976 k€ 1,092 k€ 
   

 
Table 4.8 presents the manufacturing costs for the monopile and the jacket frame. 

The costs for the monopile is obtained assuming a diameter of 6.3 m and a length of 20 m 

for the pile above seabed, a diameter of 5.6 m and a length of 26 m for the hinged part of 

the pile and a wall thickness of 144 mm from (Bredmose et al., 2014). Notwithstanding, 

as the jacket frame is a more complex structure, its manufacturing data are obtained 

from (Myhr et al., 2014), where a similar jacket frame is considered. 
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Table 4.8: Production costs for the two offshore wind substructures. Data sources: (Myhr et al., 2014, 
EngineeringToolBox, 2017, Bredmose et al., 2014). 

 Monopile 
Jacket frame 

Lattice Piles 

    Structural material thickness 144 mm 15 mm 17 mm 

Carbon steel density 7,850 kg/m3 

Materials mass 964 tonnes 510 tonnes 315 tonnes 

Steel price 1,000 €/tonne 

Materials cost 964 k€ 510 k€ 315 k€ 

Manufacturing complexity factor 100% 400% 100% 

Manufacturing cost 964 k€ 2,040 k€ 315 k€ 

Total production cost (CSubs) 1,928 k€ 3,180 k€ 
    

 
 

Table 4.9: Parameters for the economic assessment. Data sources: (MARINA Platform, 2012, IRENA, 2012). 

 Monopile Jacket frame 

   WEC CWR 30% 25% 

Wave Resource (J) 25 kW/m 25 kW/m 

PTO efficiency (𝜂𝑃𝑇𝑂) 0.67 

WEC Capacity factor (CFWEC) 0.33 

Unit cost of WEC M&E equipment (CM&E,WEC) 800 €/MW 

Wind turbine capacity factor (CFOWT) 0.45 

Unit wind turbine cost(COWT) 1,400 €/MW 

Availability (CA) 93.8% 

   
 
Table 4.9 presents the other parameters considered for the economic assessment. The 

WEC Capture Width Ratio (CWR) is obtained from (Babarit, 2015) based the 

characteristic dimensions defined for each OWC in Table 4.6. A 25 kW/m mean annual 

wave power per metre of incident wave is considered for both configurations. A PTO 

efficiency of 0.65 is considered – this is the result of combining the mean efficiency of 

the bi-radial turbine for irregular waves (𝜂𝑇 = 0.72), taken from (Falcão and Henriques, 

2016) and the mechanical and electrical efficiencies of the drive train and the electric 

generator (𝜂𝑀 = 0.95 and 𝜂𝐸 = 0.98). A capacity factor of 0.33 is assumed for the WEC 

(CFWEC) and a unit cost for the WEC mechanical and electrical equipment of 800 €/MW, 

both are taken form (MARINA Platform, 2012). A capacity factor for the wind turbine of 

0.45 and a unit cost for the wind turbine of 1,400 €/kW are considered following 
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(IRENA, 2012). Finally, an availability coefficient of 93.8% is considered for both the 

WEC and the wind turbine following (Myhr et al., 2014). 

 
Table 4.10: Results from the economic assessment. 

 Monopile Jacket frame 

   
Annual Energy Production (AEP) 

WEC rated power 306 kW 211 kW 

WEC average power production 151 kW 104 kW 

WEC – AEP 0.83 GWh 0.57 GWh 

OWT – AEP 18.49 GWh 18.49 GWh 

Total – AEP 19.32 GWh 19.06 GWh 

Cost analysis – OWT (Substructure + Turbine) 

Device Cost Indicator (DCI) 8.193 M€ 10.18 M€ 

Capital Cost Indicator (CCI) 11.61 M€ 13.23 M€ 

Cost of Energy Indicator (COEI) 0.031 €/kWh 0.036 €/kWh 

Cost analysis – Hybrid 

Device Cost Indicator (DCI) 10.15 M€ 11.44 M€ 

Capital Cost Indicator (CCI) 13.19 M€ 14.87 M€ 

Cost of Energy Indicator (COEI) 0.034 €/kWh 0.039 €/kWh 

Cost analysis – Co-located (WEC + Substructure) 

Device Cost Indicator (DCI) 3.15 M€ 4.44 M€ 

Capital Cost Indicator (CCI) 4.09 M€ 5.77 M€ 

Cost of Energy Indicator (COEI) 0.247 €/kWh 0.504 €/kWh 
   

 
Table 4.10 presents the results of the simplified economic assessment, from its 

analysis the following conclusions can be made: (i) although the configuration of the 

OWC mounted in the jacket frame substructure is the one that needs less volume of 

materials, it is also the most expensive one as its manufacturing process is more 

expensive; (ii) both configurations of the prototype have the same level of wave resource 

(J = 25 kW/m), however, the OWC mounted on the monopile substructure presents a 

power rate that is 95 kW larger than the one mounted in the jacket frame - this has to be 

with the conical OWC chamber having a smaller diameter; (iii) the OWC mounted in the 

monopile contributes with a 4.3% over the total Annual Energy Production (AEP) of the 

hybrid energy converter, while the one mounted in the jacket frame does it with a 3.0%; 

(iv) when comparing the Cost of Energy Indicator (COEI) between the offshore wind 

turbine on its own and the hybrid device, can be noted that for both configurations the 
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increase in the COEI only means 0.003 €/kW, which represents an increase between 

8.3% and 9.6%; (v) the analysis of the COEI for both hybrid configurations did not 

consider an increase in the cost of the substructure system due to the additional loads, 

and only the original one for the wind turbine was accounted, future research is needed 

in order to understand what the requirements for the additional loads in the substructure 

systems are and how these would affect the over cost; and (vi) the scenario where both 

configurations are mounted as co-located devices – i.e., the OWCs and the substructures 

are mounted on its own without the wind turbine – shows values of the COEI that are 8 

times larger for the OWC mounted in the monopile and 14 larger for the one mounted in 

the jacket frame, however, these values does not modify the substructures which means 

that they are oversized for the loading requirements of just the OWCs and further 

research should be conducted in order to redesign the substructures for this scenario. 

4.3.1.4. Results of the feasibility analysis 

This final section presents the main outcomes of the feasibility analysis of the hybrid 

wind-wave energy converter, which has been carried out in this section as a preliminary 

evaluation of the two proposed concept configurations. Both configurations (OWC-

monopile and OWC-jacket frame) passed the selection criteria established at the initial 

screening phase, however, some of the criteria where identified with a “maybe” 

highlighting some issues to be addressed during the concept validation phase. 

The first to be considered at the techno-economic assessment was the possibility of 

installing the WEC sub-system together with the substructure part of the hybrid energy 

converter as a co-located device within an offshore wind farms. This is considered as a 

good approach for start moving up the combination of wind and wave as it will help to 

prove the technologies and to increase the confidence of investors and developers. 

Although it seems a good idea, it was found that this solution will be really expensive if 

using the same foundation systems as for the wind turbines and further research is 

needed in order to optimise substructure systems for co-located devices. 

Secondly, the effects of the integration of the OWC chambers in the monopile and the 

jacket frame substructures were addressed. This was analysed from two different points 
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of view, the additional structural requirements for the substructures due to the increased 

loads and the effects on the performance of the OWCs that the substructures may have. 

It was found that, load wise, the monopile is the substructure that presents more 

difficulties for integration, however, it is also the more attractive when looking at the 

finances. Hence, additional research should be conducted in order to understand what 

the additional load levels are, if these are admissible by monopiles, jackets and other type 

of existing offshore wind substructures. 

Finally, the retro-engineering of existing offshore wind farms was also considered, 

finding it practically impossible for wind farms with jacket frames, due to the difficulty 

of assembly a new OWC chamber within the jacket at sea, and very unlikely for 

monopiles, due to the risk of adding additional loads to a structure that was not designed 

for it. 

4.3.2. An OWC WEC sub-system of a hybrid energy converter 

In the basis of the outputs from the preliminary evaluation of the hybrid wind-wave 

concept, from the previous section, the initial description of a hybrid prototype was done 

in the frame of a new patent application (Collazo et al., 2016) - with application number 

PTC/GB2016/051403. 

The patent application defines a novel hybrid wind-wave energy converter where the 

OWC chamber forming the WEC sub-system has the capability to self-adapt to different 

wave heights, tidal ranges as well as to the direction of the incident waves, which may 

result in an increased performance of the OWC. Figure 4.3 shows a conceptual 

representation of one of the possible configurations for the proposed prototype where a 

cylindrical OWC chamber is mounted on a monopile offshore wind type of substructure. 
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Figure 4.3: Conceptual representation of the OWC hybrid mounted over a monopile prototype. 

 
Figure 4.4 shows a schematic representation of one of the possible configurations of 

the prototype. The figure shows different views of the device were some of the 

components and parts of the device are indicated. The proposed device is formed by a 

chamber (1); a substructure system (2) to link the device to the seabed – i.e., usually the 

substructure system will be shared with a wind turbine; a ballast tank (3), defined as part 

of the hull of the chamber between the inner (7) and external walls of the chamber; a 

skirt (4) or extension at the bottom of the chamber; one or more air turbines (5) which 

act as the OWC power take off turning the electric generator to produce electricity; a 

security and control system comprising pressure relief valves (6); and a set of bulkheads 

(8) that give structural strength and divide the internal part of the chamber into separate 

segments (9) – note that the numbers shown in brackets refer to the ones in the figure. 

The external chamber hull has a streamlined shape, being the part under freeboard 

preferably cylindrical or conical, while the aerial part can take: either the same shape 

(cylindrical or conical), rather a warped way that reduces the waves loading on the whole 

structure. The chamber hull could be constructed on an entire cylindrical or conical body 

or adopt a section of these forms. 
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Figure 4.4: Schematic representation of one of the configurations of the prototype showing its different parts. A front 
view of the device is at the top left, a rear view of the device at the top right, a top view in the bottom left and a 

perspective view in the bottom right. Clarification for the meaning of the different numbers can be found in the text. 

 
One of the proposed innovations of device is that it accounts with a skirt, or increased 

length of the hull at the bottom of the chamber (3). Figure 4.5 shows a schematic 

representation of a vertical and a horizontal cut views of the device where the length of 

the skirt is defined by (a) and the angle of aperture of the skirt by (α). The device can be 

either designed for the skirt to be fix in length and aperture angle, or for it to include a 

mechanism that allows the skirt to self-adapt itself by changing its aperture, relative 

position to the chamber and length. 

Another of the proposed configurations for the prototype considers a mechanism that 

allow the OWC chamber to: (i) self-orient to the incident wave direction by spinning 

around the substructure and (ii) adjust its draught by changing its vertical relative 

position with the substructure. When the chamber needs to be oriented or the draught 

modified, the chamber will be unlocked from the substructure but held in place by a 

guidance system. Then by either, adjusting the level of ballast in the ballast tanks or 
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spinning the chamber the new desired position for the chamber will be matched and the 

chamber locked to the substructure again. 

 

 

Figure 4.5: Schematic representation of a cut view of the device with a vertical lateral plane (the left-hand side) and a 
cut view of the device with a horizontal plane at the skirt level (right hand side). The figure shows the length and 

angle of aperture of the skirt defined by (a) and (α) respectively. Clarification for the meaning of the different 
numbers can be found in the text. 

 
 

 

Figure 4.6: Schematic representation of the device showing different configuration for either fix or self-adaptable in 
skirts and hull of the device. 

 
 

In addition, the external wall of the bottom of the skirt and/or the bottom of the hull 

of the OWC chamber can self-adapt its shape to the different wave and tidal conditions, 
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so that the power performance of the device is maximised. Figure 4.6 shows a schematic 

representation of the device where different examples of possible shapes for the external 

and internal walls of the skirt and hull are presented. This self-adaptable mechanism 

may consider using light deformable material, such as rubber or composites, which by 

either adding water or air between them and the rigid hull will allow to obtain the desired 

shape and volume. 

Finally, it has also been considered possible configurations for the device where 

different types of OWC chamber shapes are considered as shown in Figure 4.7. 

 

 

Figure 4.7: Schematic representation of the device showing different configuration with different shapes of the OWC 
chamber. 

 

4.4. Development of the proposed hybrid wind-wave energy 

converter 

Once an initial version of the hybrid wind-wave prototype was designed, the next 

phase in the development process requires the validation of the prototype, so the 

different systems and sub-systems proposed in the patent application can be optimised 

and assessed in detail. A three steps approach was considered for the development of the 

device. The first step focuses in the poof of the concept of the device and the definition of 

a set of tools to optimise and asses the performance of a more detailed model in the next 

steps. The second step takes over these tools to run an optimisation phase of the device 

– this optimisation focuses on increase the hydrodynamic performance of the device, 

reduce the loads on the substructure and test the performance of the proposed sub-
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systems. Finally, the third step goes through a complete detailed techno-economic 

assessment of the updated prototype from the optimisation phase. 

The three steps development approach is considered to tackle the research questions 

raising from the preliminary assessment of the hybrid concept (Section 4.3.1) and to 

move the development of the concept towards a feasible prototype, as a sustainable and 

affordable way for the exploitation of both wave and wind resources. However, the whole 

extent of the prototype development is wide more of what the scope of this thesis is, so 

only the first step is tackled here. 

The development of a set of tools and procedures that will allow to run an 

optimisation phase of the prototype and gain knowledge about some of the physical 

phenomena related to the previous research questions are the main objectives of the 

three remaining chapters of this thesis. To do this a two-fold process using physical and 

numerical modelling is followed. First, Chapter 5 defines an experimental campaign 

where a simplified version of the WEC sub-systems of the hybrid energy converter is 

defined and tested as a mean to assess the use of the tools and procedures for later study 

the hydrodynamic performance of the device and its interaction with the nearby wave 

field, tools and procedures which are presented in Chapter 6 as part of the analysis of the 

experimental data. Then, a 3D RANS-VOF numerical models is defined and validated in 

Chapter 7 based on the data from the experimental campaign. The model is defined as a 

tool that will serve as the corner stone for the next development step. 

The configuration of the WEC sub-system in which an OWC is mounted on a 

monopile is selected to define the model for the experimental campaign, as this 

configuration was the one with better results in the economic assessment and the more 

suitable one to be deployed as a co-located device, a required step to gain confidence 

among offshore wind developers towards the combination of offshore wind and wave 

energies. 
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4.5. Conclusions of the chapter 

The definition of a bottom-fixed hybrid wind-wave energy converter was the main 

aim of this chapter. A review of what the main concepts and criteria that need to be 

considered for the evaluation of a hybrid concept are and how these relate to the 

development of a novel concept were tackled first. A methodology for assessment of 

hybrid wind-wave concept, proposed by the EU funded MARINA Platform Project was 

introduced, giving special attention to the parts where concepts at an early stage of 

development were assessed. As an output of this review, a set of requirements that should 

be considered when defining a new hybrid concept were defined. 

Then, a conceptual design of a hybrid wind-wave energy converter, considering an 

OWC for the WEC sub-system was presented. Initially, two simple concept 

configurations where the OWC was mounted on a monopile or a jacket frame types of 

offshore wind substructures were drawn on the basis of the requirements identified early. 

Both configurations were then evaluated following a two-phase approach. Starting with 

an initial screening of the two alternatives where the main challenges were highlighted. 

Then a techno-economic assessment was carried out, giving especial attention to the 

challenges identified previously. 

Three main outcomes where find from the feasibility analysis: First, the co-location 

of the concept – i.e., installing the WEC sub-system and the substructure but not the 

wind turbine - was seen as a very positive approach to step into the offshore wind 

industry with limited risks, however, the high costs of doing this with the current 

substructure systems makes it unlikely – new research should be conducted in order to 

define new substructure systems which are cheaper and specially designed for co-located 

devices. Secondly, the effects of the integration of OWCs and the offshore wind 

substructures were analysed, finding that the monopile is the one that presents more 

difficulties for integration as it presents a larger sensibility to the increase of the loads on 

the structure, however, it is also a wide cheaper solution than the jacket frame at the time 

that presents a number of additional advantages (e.g., it is easier to scale up and if 
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considered for co-location will be the cheapest option). Finally, the possibility of retro-

engineering existent wind farms was considered as not feasible, as either the difficulty of 

assembly and mount the OWC chambers offshore or either the sensibility to additional 

loads of the substructures present high levels of risks. 

On the basis of these findings, an initial description of a hybrid prototype was 

included in a patent application and its main characteristic were outlined. A WEC sub-

system that has the capability to self-adapt to the different wave heights, tidal ranges as 

well as the direction of the incoming waves was presented. The prototype defines a 

system composed by a skirt or extended length of the bottom part of the hull. The system 

is capable of adjusting the length and angle of aperture of the skirt to maximise the power 

output of the OWC. In addition, a second system that allows the external walls of the skirt 

and/or hull to change volume and shape to maximise the energy output of the device was 

defined. This second system considers the use of a layer of flexible fabric materials such 

as rubber or composites in the outer part of the device. This layer is able to modify its 

volume and shape by pumping in or out a certain volume of air or water. 

Finally, the development process for the prototype was presented and the work 

carried out in this thesis framed within this process. A development which is proposed 

in three steps: (i) definition of the required tools and processes for the further 

optimisation and evaluation of the device; (ii) the optimisation phase where the 

performance of the device is increased; and (iii) the detailed evaluation of the updated 

prototype by means of a techno-economic assessment. Being the first step the main aim 

of the remaining part of this thesis. 
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“It doesn't matter how beautiful your theory is ...  

If it doesn't agree with experiment,  

it's wrong.” 

Richard Feynman 
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5.1. Introduction 

This chapter describes the physical model; the processes used to design the model 

and the PTO; and all the aspects related with the physical modelling carried out in the 

laboratory. As mentioned in Chapter 4, the main aim of the physical modelling part of 

this thesis is to define and tests a simplified version of the hybrid wind-wave energy 

converter prototype described in Section 4.3. On the basis of the data from the 

experimental campaign a set of tools and procedures, described later in Chapter 6, will 

be validated and used as reference for the optimisation phase of the prototype – note that 

the optimisation of the prototype is out of the scope of this thesis, and just the definition 

and evaluation of the tools will be considered here. Furthermore, parts of this chapter 

have been previously reproduced in Perez and Iglesias (2012b). 

Section 2 describes the USC wave-current flume, the experimental facility where the 

experiments were carried out. The physical model of the hybrid converter is described in 

Section 3, with dimensions and details - e.g., characteristics, construction method, etc. 

Section 4 looks into how the data were measured and recorded. Section 5 goes through a 

description on the experimental set-up. Section 6 presents a discussion about the 

limitations and errors intrinsic to the experimental set-up. Section 7 defines the 

experimental methodology followed during the tests. Section 8 presents the 

experimental programme carried out, defining the different regular and irregular wave 

conditions tested in this experimental campaign, as well as the repeatability tests carried 

out to ensure the quality of the experimental campaign. In addition, Appendix A 

complements this chapter, going through the concepts necessary to understand the 

physical modelling of the prototype described in Chapter 4 and defines the basic notions 

of linear and non-linear wave theory. Furthermore, Appendix B presents the additional 

technical draws that complement the specifications and dimensions about the physical 

model and the experimental set-up defined in this chapter. 
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5.2. The USC wave-current flume 

The wave-current flume of the University of Santiago de Compostela (USC) is an 

experimental facility designed for coastal engineering, wave and tidal energy research. It 

has a total length of 20 m, a height of 1 m, a width of 0.650 m and variable water depth 

between 0.200 m and 0.600 m. The flume is equipped with two exchangeable absorption 

beaches: a parabolic and a linear one. The current generation capability has a nominal 

average current speed of 0.3 m/s, for a water depth of 0.500 m, in both directions (from 

and to the wave maker). This new facility was commissioned in 2006, funded by a 

European research programme. Figure 5.1 shows a perspective view of the USC wave-

current flume. 

 

 
Figure 5.1: The USC wave-current flume. Source: Castro (2009). 

 
 
This research facility is made up of a metallic framed structure (Figure 5.1 and  

Figure 5.2) and the lateral walls are made of tempered glass to allow a continuous 

observation along the entire flume during the tests. Furthermore, there is a glass window 

at the bottom of the testing area, which allows the observation of the models from the 

bottom or to display additional instrumentation - e.g., a Particle Image Velocimetry 

(PIV) system. 
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Figure 5.2: Perspective 3D view of the structure of the USC wave-current flume. Source: Moñino (2006). 

 

An additional system of guided frames through a couple of longitudinal metallic rails, 

allows the displacements of those frames along the flume from different purposes, for 

instance: to fix wave gauges, models, and other instrumentation. A detail view of the 

bottom glass window and the metallic rails with the frames can be seen in Figure 5.3. 

Figure 5.4 shows a detailed view of the dimensions of the flume, being the wave maker 

positioned at the initial extreme of the canal (left hand side) and the dissipation beach at 

the other end (right hand side). Further details can be found on the technical draws of 

the experimental set-up at Appendix B. 

 

  
Figure 5.3: Bottom window at the testing area (left hand side) and rails (right hand side). Source: Castro (2009). 

 

 



Evaluation of the WEC sub-system of a hybrid wind-wave energy converter 

- 130 - 

 
Figure 5.4: Top and frontal views of the USC wave-current flume, up and down respectively (see the technical draws 

at Appendix A for a more in detail view of the dimensions). Source: Castro (2009). 

 
The USC wave-current flume is equipped with, a piston type, wave maker from the 

Danish Hydraulic Institute (DHI). This consists on a piston driven by an electric linear 

actuator. The paddle, constructed as an aluminium plane, has a maximum stroke of 

600 mm, which is normally positioned at the middle point with a partial stroke of 

±300 mm. It has a position-control feedback system, with a linear inductive 

displacement transducer. 

 
Figure 5.5: Wave gauges at the font of the wave maker paddle. Source: Castro(2009). 

The Active Wave Absorption Control System (AWACS) enables most wave reflections 

through the position-control feedback, together with the lecture of two wave gauges 

placed at the front of the paddle. These wave reflections are eliminated by the effective 

absorption of the wave, since the incident wave that is produced, in addition to being the 
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required incident wave, cancels out the unwanted reflected wave. An image of the wave 

paddle can be seen in Figure 5.5. 

For the purpose of these experiments a linear dissipation beach was employed. The 

beach is located at the opposite side of the flume and constructed of marine laminated 

board. It has a total length of 5.5 m and a height of 570 mm, which give it an approximate 

slope of 1:10. In order to raise the water level above the maximum usual level, the beach 

was raised 70 mm, reaching at its top part a total height of 640 mm. 

These and further details on the flume have been published by Castro (2009) and 

Fernández (2012), and in the DHI wave synthesizer user’s guide (DHI, 2005), where a 

complete description of the paddle motion equation and AWACS can also be found. 

5.3. The physical model 

A physical model based on a simplified version of the hybrid prototype described in 

Section 4.3.2 was built to prove the concept, characterize its performance under different 

controlled environments and set the reference for the definition of a set of tools and 

procedures (in Chapter 6 and Chapter 7) which will allow, in future, to optimise the 

prototype. The design of the model was carried out considering the limitations of the 

experimental facility available at the time the physical modelling part of this thesis was 

defined and conducted and various sources, including: (HMRC and Marine Institute of 

Ireland, 2003, Hughes, 1993, Morris-Thomas et al., 2007, Pereiras et al., 2011, Nielsen, 

2003). 

The selected model configuration consists of a semi-cylindrical chamber of 645 mm 

of radius and 432 mm height, which is mounted over a 1 m length and 160 mm diameter 

pipe (monopile) and fixed to a 400 mm stainless-steel square base. The semi-cylindrical 

configuration was selected for this tests in order to satisfy the limitations imposed by the 

width of the facility and the scale effects (see Section 5.6 for more details). The model 

was also designed to reduce tank blockage effects (Chakrabarti, 1994) by considering 

aspects, such as: making it fit on the flume width, facing the plane side of the model to 

the wave front and checking that the pipe radius is less than 1/5th of the width of the 
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flume. In addition, the OWC chamber of the model was scaled geometrically for both 

fluids water and air, as explained in Appendix A. Table 5.1 shows the main characteristics 

of the hybrid model. 

 
Table 5.1: Characteristics of the model. 

OWC hybrid model 

  Model scale 1:37.5 

Chamber shape Semi-cylindrical 

Chamber material Polyester and methacrylate 

PTO Perforated discs 

Chamber external diameter 645 mm 

Chamber height 432 mm 

Chamber draft 262 mm 

Water depth 533 mm 

Chamber wall thickness 3-5 mm 

Inner chamber water plane area 0.1532 m2 

  
Monopile shape Cylindrical 

Monopile material PVC 

Monopile external diameter 160 mm 

Monopile length 1,000 mm 

  
Base shape Square 

Base Material Stainless-steel 

Base length 645 mm 

Base thickness 3 mm 

   
The scale of the model (i.e., 1:37.5) has been determined considering different 

parameters, among others: (i) the diameter of various offshore wind turbine monopile 

substructures, for the new 4-5 MW models have between 4 m and 6 m (see Table 2.1); 

(ii) the diameter of the different commercial PVC pipes available ,- the usual diameters 

are: 100 mm, 120 mm, 160 mm, 180 mm and 200 mm; (iii) the total width of the flume 

(650 mm); and (iv) the typical wave length available at the design water depth -, the 

standard water depth for a monopile offshore wind mill goes from 10 m to 30 m and 

20 m has been chosen as the study water depth. 

The final result can be seen in Figure 5.6, which shows a model built with polyester, 

PVC, methacrylate and stainless-steel. The chamber was built in 3-5 mm thickness 
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polyester with marine finish. It has a frontal panel made of polyester and methacrylate 

with 5 mm thickness which was fixed to the rest of the chamber using an epoxy resin. 

 

 

Figure 5.6: Image (left hand side) and breakdown drawing (right hand side) of the model. 

 
An impulse turbine was selected as the simplest PTO option, since this type of 

bidirectional air turbine has a quadratic response (as seen in Section 3.2.2), and this kind 

of response can be easily simulated using just a simple orifice (Thiruvenkatasamy and 

Neelamani, 1997, Morris-Thomas et al., 2007). To study the influence of the turbine-

chamber coupling three different turbines (orifices diameter sizes) were considered. For 

this purpose, a system of perforated discs, one per orifice was used. A picture of one of 

these discs can be seen in Figure 5.7.These discs were fixed to the chamber using a 

hermetic sealing for the joints, as seen in Figure 5.8. The main characteristics of the 

perforated discs can be found in Table 5.2. Hereto, the diameter of the orifices was 

defined by the area coefficient (CA), as the ratio between the area of the orifice (AO) and 

the area of the OWC chamber (AC), ranging this between 0.5% and 2% of AC (Sheng et 

al., 2012b). 

 

𝐶𝐴 =
𝐴𝑂

𝐴𝐶
 (5.1) 
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Figure 5.7: Image of one of the perforated discs used to simulate the Impulse turbine. 

 
Three 1” NPT shafts were integrated into the upper part of the chamber, to host the 

three respective Ultrasonic Water Level (UWL) sensors described in the next section. 

Furthermore, a pneumatic straight bulkhead compression tube fit was installed in the 

upper part of the OWC chamber, which was used to connect the inner part of the air 

pressure pipe - used to measure the air pressure at the inner chamber - with the air 

pressure sensor placed outside (see next section). The three shafts and the bulkhead 

pressure fit can be seen in Figure 5.8. 

 

 
Figure 5.8: Perforated disc on its final position with the hermetic sealing (centre bottom); the three shafts for the 

connection of the respective UWL sensors (centre); and the bulkhead compression tube fit (left hand side). 
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Table 5.2: Characteristics of the model’s perforated plates – i.e., orifice diameter (Ø) and area coefficient (CA). 

Perforated discs code Ø [mm] CA [%] 

   
Ø30 mm 30.6 0.48 

Ø44 mm 43.9 0.99 

Ø51 mm 51.4 1.35 

   

5.4. Instrumentation 

In this section, the instrumentation used during the tests and the corresponding 

calibration procedures are described. 

For each test, carried out at the wave-current flume with the scale model, a time series 

was recorded. This was composed of data from the seventeen different channels acquired 

with the DHI analogue-to-digital conversion hardware. The DHI hardware and software 

are both integrated with the wave maker software and control unit - i.e., the trigger signal 

for the wave maker and the data acquisition is done by the same software, making that 

data recorder at the different channels are synchronized with the wave generation. 

Furthermore, the sampling rate used at this set of experiments was 20 Hz. The DHI wave 

maker control and data acquisition unit can be seen in Figure 5.9. 

 

 
Figure 5.9: DHI wave maker control and data acquisition unit (left hand side); calibration cabinet for the WG (up 
and right hand side); and filter and analogue-to-digital conversion acquisition cabinet (down and right hand side). 
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The DHI data acquisition unit has 32 channels available among ones 24 are reserved 

for wave gauges or pressure-strain sensors, leaving the resting 8 channels available for 

external instrumentation. Table 5.3 shows the main parameters for the calibration of 

each one of the channels used during this experimental set. The instrumentation used 

for these test is explained in more detail in the following sub-sections. 

 
Table 5.3: Calibration parameters associated to each one of the data acquisition channels. 

Item Channel Description Unit 
(Unit) 

Factor 
(Unit/V) 

Offset 
Mode 

Offset 
(Unit) 

A/D 
range 

        01 01 WG_01 cm 10 Auto scan -0.200 5 

02 02 WG_02 cm 10 Auto scan 0.005 5 

03 03 WG_03 cm 10 Auto scan -0.200 5 

04 04 WG_04 cm 10 Auto scan -0.300 5 

05 05 WG_05 cm 10 Auto scan -1.194 5 

06 06 WG_06 cm 10 Auto scan -0.300 5 

07 07 WG_07 cm 10 Auto scan -0.900  5 

08 08 WG_08 cm 10 Auto scan -1.142 5 

09 19 WG_09 cm 10 Auto scan -0.200 5 

10 25 Level_1 cm -9.14 Auto scan 0.951 5 

11 26 Level_2 cm -9.14 Auto scan 0.986 5 

12 27 Level_3 cm -9.14 Auto scan 0.944 5 

13 28 Pressure Pa 1001 Auto scan 5.065 10 

14 29 ADV_X cm/s 1 Auto scan 2.323 5 

15 30 ADV_Y cm/s 1 Auto scan 2.595 5 

16 31 ADV_Z1 cm/s 1 Auto scan 2.807 5 

17 32 ADV_Z2 cm/s 1 Auto scan 0.015 5 
         

5.4.1. Wave gauges 

The Wave Gauges (WGs) used to measure the free-surface elevation were of the 

resistance type. These have two parallel aluminium electrodes, connected at the bottom 

by a non-conductive material. The WGs are aligned perpendicular to the wave 

propagation direction. When they are operative, a high frequency ac-voltage signal is 

applied to the WG, and the conductance between the electrodes is recorded. Then the 

                                                        
1 The correct value for this coefficient should be 400, but due to an error of interpretation of the sensor range, it was 
used 100 as calibration factor at the data acquisition software. This error has been corrected during the data process. 
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measured conductance is proportional to the length of electrode submerged and to the 

water conductivity. The free-surface elevation is recorded as changes in the conductivity 

of the water at the WG middle plane. 

 

  
Figure 5.10: Wave Gauges and fastening elements, showing the two positions (for test record and calibration).  

 

The main advantages of resistance WGs are that they have a good linear response – 

i.e., the non-linearity error is smaller than 1.5 % of the effective length - and they can 

have resolutions of about ±0.1 mm (Hughes, 1993). Notwithstanding, its main 

disadvantage comes due to the water conductivity, as it depends on temperature and ion 

concentration. This fluctuation on the water conductivity values makes necessary to keep 

a continuous calibration of each individual WG before any measurements. For this set of 

tests a daily calibration, at the beginning of the journey, was considered as standard 

procedure. Figure 5.10 shows the resistive WG and the fastening elements used to fix the 

WG during the test or for the calibration procedure. 

In order to transform the recorded conductivity values into the respective physical 

unity (e.g., metres, centimetres, or millimetres), the signal shall be transformed 

following the proper calibration curve (Figure 5.11). This calibration curve is assumed as 

linear and it is defined when the calibration factor and offset values are known. The 
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calibration factor is the number of physical units per unit of voltage, and it should be 

selected accordingly with the characteristics of each set of test, for the purpose of this 

research 10 cm/V were selected. The calibration offset is obtained after the calibration 

procedure. 

 
Figure 5.11: Wave gauge calibration curve. Source: DHI(2005). 

The calibration process consists on an iterative adjust, of the zero value and the gain 

at the WG monitor, until the difference between them fits the physical value defined by 

the calibration factor. The practical procedure to carry on with this calibration consist on 

place two different fastening elements spaced 100 mm between them at the same vertical 

stand. Then the WG is positioned alternatively at the upper fastening element and at the 

lower one, as the iterative procedure of the calibration goes. At the upper position, the 

gain is adjusted and respectively the zero value at the lower position. 

5.4.2. Ultrasonic water level 

One of the crucial measurements needed to characterize the performance of an OWC 

is the free-surface elevation of the water column inside the chamber. Due to the 

impracticability of using a standard WG to record the free-surface movements inside the 

OWC chamber - it would mean long calibration times and space problems due to the 

length of the WG - three non-contact ultrasonic water level sensors, LUV31 from Omega 

have been selected. 

 



Chapter 5: Physical Modelling I: Materials and Methods 

- 139 - 

 

 
Figure 5.12: Detail picture of the UWL OMEGA LUV31. 

The UWL sensor is a distant meter based on ultrasonic reflections with: an analogue 

output ranging from 0 V to 10 V, a range from 102 mm to 1.2 m, a resolution of 0.25 mm 

and a programmable sampling rate from 0.1 Hz to 100 Hz (20 Hz was selected). The 

temperature effects are directly corrected by the sensors, thanks to an internal 

temperature compensation system. A detail picture of the UWL sensor can be seen in 

Figure 5.12, and a view of the three UWL sensors at their final position at the top of the 

OWC chamber can be seen in Figure 5.13. These UWL sensors from OMEGA are in-

factory calibrated, and no further calibration is needed at the laboratory. Further details 

about these UWL sensors can be found at (OMEGA Engineering Inc., 2013, OMEGA 

Engineering Inc., 2007). 

 

 
Figure 5.13: The three UWL OMEGA LUV31 sensors at their final position at the top of the model. 
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5.4.3. Differential air pressure 

The second characteristic parameter that determines the performance of the OWC is 

the differential pressure between the air inside and outside the OWC chamber. This was 

recorded using a differential pressure transducer/transmitter, LPM / LPX 5480 from 

GE Druck. It is a piezoelectric transducer with: an analogue output of 5 ± 5 V, a range of 

± 20 mbar (±2,000 Pa) and an accuracy of ± 0.25 on full scale. A detail picture of this 

sensor can be seen in Figure 5.14. 

 

 
Figure 5.14: The LPM / LPX 5480 GE Druck differential air pressure sensor. 

This GE Druck differential pressure transducer does not need a daily calibration, as 

it has been in-factory calibrated, and laboratory specific calibration only shall be 

considered under specific testing conditions - e.g., when there are more than one 

pressure sensor and all of them shall have the same reference and cero values. These and 

further details about this differential pressure transducer can be found at (General 

Electric company, 2010). 

5.4.4. Acoustic Doppler Velocimetry (ADV) 

An Acoustic Doppler Velocimetry (ADV) sensor was used to determine the water 

velocity on its three components (x, y and z) at the lip of the OWC chamber (the low part 

of the frontal plane). The ADV used was a Vectrino Lab from the Norwegian company 

Nortek Co. It is an acoustic sensor that thanks to the reflected acoustic signal, 
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transmitted by a single acoustic transducer, after interact with particles in suspension at 

the water comes back to the sensor and it is received by four receiver transducers. 

 

 

Figure 5.15: The Vectrino ADV placed on its final position for the tests. 

The sampling volume, with a volume diameter of 6 mm and a length of 3 mm, is 

located at 50 mm from the probe transmitter transducer to provide undisturbed 

measurements. The velocity range of the sensor is user selectable and goes from 0.01 m/s 

to 4 m/s; the accuracy is ±0.5 % of measured value ±1 mm/s; and the sampling rate goes 

from 1 Hz to 25 Hz (user selectable). Figure 5.15 shows the ADV Vectrino placed on its 

testing position at the physical model, with its main axes aligned with the model ones. 

Figure B. 1 at the Appendix B shows the draws and measures for the ADV Vectrino used 

for this set of test and besides. These and further details about this ADV sensor can be 

found at (Nortek AS, 2009, Nortek AS, 2013). 

5.4.5. Video imaging 

Two remote controlled mechanical pan and tilt adjustable IP cameras IC-7000PTn 

from EDIMAX were used to record this set of experiments. They are network controlled 

cameras with a maximum resolution of 640 x 480 pixels. A detail image of one of these 
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cameras can be seen in Figure 5.16. These and further details about the cameras can be 

found at (EDIMAX Technology Co, 2008, EDIMAX Technology Co, 2013). 

 

 

Figure 5.16: Detail of the Edimax IP camera used to record the test. Source: (EDIMAX Technology Co, 2013)  

5.5.  Experimental set-up 

This section describes the disposition of the physical model and the instrumentation 

along the wave-current flume, as well as the definition of the laboratory reference 

coordinate axis. 

The reference system adopted to define the experimental set-up has been as follows: 

the axis Ox, is the longitudinal axis that passes through the mid plane of the flume, with 

positive direction from the wave maker towards the model and origin at the middle point 

or the rest position of the paddle of the wave maker; axis Oz, vertical, with positive 

direction upwards and origin at the free-surface in repose; and axis Oy, perpendicular to 

the flume, with positive direction such that the trihedral Oxyz has positive orientation. 

The tests carried out for this campaign, were performed with a fix water depth of 

533 mm, which corresponds to a prototype water depth of 20 m at the scale of 1:37.5. 

5.5.1. The physical model 

The physical model described in Section 5.3 is placed at one of the extremes of the 

testing area of the wave flume, with a longitudinal coordinate x = 10.9 m measured from 

the origin to the centre of the monopile (Appendix B). The frontal face of the OWC 
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chamber (the flat surface) is placed facing the wave maker, perpendicular to the flume 

walls. The model was fixed at its testing position using two different techniques: First, 

under the base of the model, a rubber sheet - of the same dimensions of the stainless-

steel square base - was used to increase the model grip to the floor of the flume and to 

avoid accidental scratches on the observation window. Secondly, the model was fixed 

from the top of the monopile (the PVC pipe) to one of the metallic frames of the flume by 

using a couple of g-clamps - the frame was also fixed to the flume structure with other 

two additional g-claps. The model positioned at its final position for the test and the 

fixing clamps can be seen in Figure 5.17. 

 

  
Figure 5.17: Two different perspectives of the physical model set-up. 

5.5.2. Instrumentation 

5.5.2.1. Wave gauges 

The Wave Gauges (WGs) described in Section 5.4.1 are used to record the free-surface 

elevation. The positions of the WGs can be seen in Appendix B, all of them are named 

with a correlative code starting for “WG_” following for a correlative number going from 

“01” to “09”. Table 5.4 shows the positions and functions for each one of the nine WGs 

used for this experimental campaign. 
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Table 5.4: Different types of WG, their positions and functions. 

WG number Position X [m] Y [mm] Function 

     WG_01 Close to the paddle 2.525 0 Record the generated wave 

WG_02 
Between the paddle and 

the model 

8.550 0 

Record the reflected wave WG_03 9.350 0 

WG_04 9.750 0 

WG_05 

By the monopile 

10.813 0.197 
Record transversal waves and 

the run-up at the monopile 
(only WG_6) 

WG_06 10.813 0 

WG_07 10.813 -0.142 

WG_08 
At the middle of one of 

the front faces of the 
OWC chamber 

10.900 -0.207 Record the run-up at the 
front face of the chamber 

WG_09 At the lee of the model 11.550 0 Record the transmitted wave 

      
WG_01 is positioned close to the paddle of the wave maker in order to record the 

incident generated wave with a low disturbance from the model, it can be seen on its final 

position in Figure 5.18. 

 
Figure 5.18: WG_01 placed by the wave maker to record the generated wave. 

 
WG_02, WG_03 and WG_04 used to perform the Incident and Reflected Wave 

Analysis (IRWA) method proposed by Baquerizo (Baquerizo et al., 1997). The IRWA 

method was used in this thesis to characterise the reflection coefficient and to decompose 

the recorded surface elevation into the incident and reflected ones. Baquerizo proposes 

a method based on the spectral analysis of the water surface elevation and the linear wave 

theory. The method is a complete revision of the one proposed by Mansard & Funke 

(1980) and proposes a modification which solves the mathematical inconsistency, due to 
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two limitations: (i) the coherence loss and (ii) the non-existence of a solution. This new 

method solves these two issues by placing the sensors properly, by making that the left-

hand side of Expression (5.2) not being equal to zero. 

𝑔(𝑘) = 3 − cos(2𝑘𝑑34) − cos(2𝑘𝑑24) − cos(2𝑘𝑑23) ≠ 0  (5.2) 

where d23 is the distance between WG_02 and WG_03, d34 is the distance between 

WG_03 and WG_04, d24 is the distance between WG_02 and WG_04, and k is the wave 

number – i.e., for the purposes of this thesis the distances selected for the three sensors 

are d12 = 0.4 m, d23 = 0.8 m and d13 = 1.2 m. 

 

 
Figure 5.19: A perspective of the wave gauges: WG_05, WG_06, WG_07, WG_08, and WG_09. 

A similar procedure was followed for wave gauges WG_05, WG_06 and WG_07, 

used to detect possible lateral waves that could occur during the experiments. The 

distances between these three gauges can be seen in Table 5.4. WG_06 is used also to 

record the wave run-up at the front of monopile and WG_08 is used to record also the 

wave run-up, but this time at the middle of the front face of the OWC chamber. Finally, 

WG_09 is used to record the transmitted wave – i.e., the wave that it is not absorbed by 

the OWC neither reflected. This wave gauge is placed at the lee of the model at 650 mm 

from the front face of the model, as it can be seen in Table 5.4. This five wave gauges can 

be seen in Figure 5.19 and Figure 5.20. 
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Figure 5.20: Final in-testing assembly configuration, with chamber sensors. Source: (Perez and Iglesias, 2012b). 

5.5.2.2. Ultrasonic water level 

In order to record the OWC chamber’s free-surface elevation, a set of three Ultrasonic 

Water Level (UWL) sensors (Section 5.4.2) were used. Figure 5.21 sows a detail plan view 

of the position adopted for the ultrasonic water level sensors being referenced to the 

centre of the monopile of the model. It can be appreciated there that the two external 

UWL sensors, were placed at the two symmetrical positions resulting from the 

intersection between: (i) the half circumference that passes through the middle of the 

front faces of the model and (ii) the two planes that form a 45º angle with the symmetry 

plane of the model (y=0). The third and resting UWL sensor was positioned on the 

middle plane of the model (y=0) and aligned with the other two sensors. 

 
Figure 5.21: Detail plan of the positioning of the UWL sensors taking as reference the centre of the monopile of the 

model (units are shown in mm). 
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On the one hand, the objective of the two external UWL sensors is to record the 

oscillation of the free-surface at the inner part of the OWC chamber at an intermedium 

position between the lips and the orifice. On the other hand, the reason for the central 

UWL sensor to be at its position is: (i) to observe the influence of the monopile on the 

free surface oscillation, (ii) measure the free surface at the same plane of the orifice and 

(iii) not to be too close to the orifice to reduce the effects of the sloshing on the 

measurements. Figure 5.22 shows these three UWL sensors at their final position. 

 

 
Figure 5.22: The three ultrasonic water level sensors positioned for testing. 

5.5.2.3. Pneumatic differential pressure 

As explained in Appendix A the pneumatic power available on the air flow rate 

thought the orifice depends on the volumetric air flow rate itself and on the differential 

pressure between the air inside and outside the OWC chamber. The air flow rate is 

determined by assuming that the air is incompressible and applying the conservation of 

mass theorem (see Section 6.2.3). Moreover, the differential pressure is recorded using 

the differential pressure sensor described in Section 5.5.2.3. This pressure sensor 

measures the differential pressure between the two sides of a membrane. To do that the 

sensor has a high and a low pressure ports. The low-pressure port is used to fix the 

reference pressure - i.e., for this case, the atmospheric pressure. The high-pressure port 
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records the variation of the pressure at the inner chamber, which fluctuates with the 

oscillations of the free-surface. 

 

 
Figure 5.23: Air pressure probe ring used to average the air pressure measurement at the inner OWC chamber. 

 
To measure the atmospheric pressure with a good quality, avoiding fluctuations due 

to possible air currents, a standard atmospheric vent with a filter was placed at the low 

pressure port of the sensor, as it can be seen in Figure 5.14 at 

Section 5.5.2.3. Furthermore, to perform the measure of the pressure at the inner OWC 

chamber an air pressure ring was built using a special pneumatic vinyl flexible pipe with 

an internal diameter of 1/4 inch and 3/8 inch of external diameter. The ring was 

perforated at different points in order to obtain and average measure of the pressure at 

the inner chamber, but also to avoid high harmonics originated due to resonance effects 

inside the measurement pipe. This measurement ring can be seen in Figure 5.23. The 

ring is positioned at a fixed distance from the top of the chamber of 40 mm, maintaining 

a horizontal plane. This ring is connected to the sensor through a pipe of the same 

material and characteristics as the one used for the ring. 

5.5.2.4. Other instrumentation 

The ADV probe used to measure the waver velocity at the lip of the OWC chamber 

was installed using a fixing arm made of wood and that was stuck to the inner surface of 

the methacrylate front face of the chamber in such a way that the ADV probe measuring 

head was aligned with the reference axis. Furthermore, the emissary transducer of the 
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ADV was placed at 62 mm from the lip in the vertical direction, 35 mm from the 

methacrylate external surface in the x direction, and at 242 mm from the centre of the 

monopile. An image of the ADV head at its final position can be seen in Figure 5.24. 

 

 
Figure 5.24: Detail image of the ADV probe measurement head at its testing position. 

 
Finally, the IP cameras described in Section 5.4.5 used to record the tests carried out 

during this experimental campaign were positioned in order to get a frontal and lateral 

views of the model. The first camera was placed on the flume facing towards the model. 

The second IP camera was placed on a camera tripod on the side of the flume. 

Furthermore, in order to increase the lighting and consequently the quality of the video, 

a high contrast colour surface was fixed to the inner wall of the flume at the right-hand 

side of the model, as seen in Figure 5.25. 

 

 
Figure 5.25: Detail of the high contrast surface that was stuck at the right-hand side of the flume. 
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5.6. Accuracy and confidence 

Minimising the experimental errors is crucial to obtain a reliable set of data from the 

experimental campaign. This section goes through the different sources of errors and 

inaccuracies that may be present during this physical modelling experimental campaign, 

and explains the strategies and procedures considered to improve the quality of the 

experimental data. 

When looking at the definition and construction of the physical model, there are three 

factors that stand as main sources of uncertainty, which are: (i) the error due to the scale 

effects – i.e., if using a model scale too small (<1:100) the gravity forces will become of 

the same order of magnitude of the surface tension, increasing considerably the errors in 

the results -; (ii) the error due to tank blockage (see Section 5.3); (iii) the error due to 

consider geometrical scale for the air part of the OWC chamber and not increase its 

volume to account into the air compressibility effects due to the scaling; and (iv) the error 

due to the non-linearity of waves. 

A model configuration based on a semi-cylindrical OWC chamber mounted on a 

monopile substructure was considered in order to reduce the effect of the two first 

sources of error. Although the semi-cylindrical version of the hybrid device is not the one 

most likely to be developed, it does represent a reasonable solution to define a model to 

be tested under the constraints of the available experimental facility and reduce scale 

errors, considering that the main objective of this experimental campaign is to set the 

baseline scenario to define a set of tools and procedures in the next two chapters. In 

addition, once validated the numerical model proposed in Chapter 7 against the data 

from the experimental campaign, an additional set of numerical simulations is also 

defined as an additional mean to understand the effects due to tank enclosure on the 

model performance (see Section 7.5.3.2). 

The third source of inaccuracy of the physical model comes when applying the Froude 

geometric similarity to scale the air part of the OWC chamber. Which has been proven to 

present a source of error in the estimation of the power output at full scale (Falcão and 
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Henriques, 2014, Sarmento and Falcão, 1985). Increasing the vertical dimension of the 

OWC chamber in order to increase the volume of air inside the OWC chamber will affect 

considerable the wave run-up at the front of the OWC chamber and monopile. 

Considering that the measurement of both run-ups is one of the parameters to be studied 

in this thesis, it was decided to not increase the volume of the air part of the OWC 

chamber, so the run-up is not affected. 

At laboratory, linear wave theory is usually assumed, although this is not a problem 

when reproducing deep water conditions, it becomes a source of uncertainty when 

reproducing shallower water conditions. An approach to reduce this error is by 

considering non-linear waves, as it can be seen in Appendix A. For the wave conditions 

considered in this thesis, linear wave theory is only valid for the smaller wave heights, 

being the remaining ones described with a 2nd order Stokes theory. Hence, a 5th order 

Stokes Theory was considered (see Appendix A for more details) to reduce this error and 

at the same time to define it as a tool for future research. 

During the experimental campaign, the main source of inaccuracies comes from the 

quality of the waves reproduced by the wavemaker and from the positioning and 

procedures followed to record the data. These sources of error where minimised mostly 

by following the appropriate calibration procedures for the instrumentation and the 

wave maker, but also by following a good practice code. The wavemaker and the wave 

gauges were calibrated daily at the beginning of the journey and levels of water in the 

flume checked and corrected if necessary. Furthermore, an experimental methodology 

was defined (see next section) previously to the start of the experimental campaign in 

order to have a methodology to follow during the tests and so reduce the uncertainties. 

The final main source of error to consider during the experimental campaign is the 

error due to the lack of repeatability of the experimental data. In order to check that this 

error is small enough so that the experimental data can be considered as repeatable, an 

additional repeatability test series was defined (see Section 5.8.3). 
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5.7. Experimental methodology 

Once the experimental set-up was completed, the model and all the instrumentation 

placed at their right positions and the adequate perforated disc is on the chamber. Then, 

the following experimental methodology was followed: 

i. the wave gauges were calibrated; 

ii. the wave gauges were positioned at their respective experimental positions; 

iii. the additional power supply for the UWL, differential air pressure and ADV 

sensors was powered on; 

iv. the wave maker calibration was done; 

v. the wave input parameters were loaded on the wave maker software; 

vi. the appropriate file name and path for the experiment to be tested were 

introduced at the wave maker control software; 

vii. the ADV data acquisition was started manually; 

viii. the video file names and paths were set-up properly; 

ix. the test and video recording was started simultaneously; 

x. the video recording was stopped manually when the test finished; 

xi. the required quiescence condition on the free surface was secured by 

introducing a variable relaxation time for each test in order to allow the water 

free surface to settle down– i.e., wait until the free-surface gets flat, which for 

the USC wave-current flume means approximately five minutes; 

xii. the recorded measurements are checked graphically to detect possible errors 

with the instrumentation and if some was found the present experiment was 

dismissed and this methodology was repeated again from step iv; and 

xiii. the next experiment is started by following again this methodology from point 

step v for a new set of wave input parameters. 

This methodology is represented as a flow diagram in Figure 5.26. 
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Figure 5.26: Flow diagram of the experimental methodology followed for this physical modelling test campaign. 

5.8. Experimental programme 

This section presents the experimental programme carried out during this intensive 

campaign to validate the initial design and investigate the efficiency of the physical model 

described previously. A site in 20 m of water depth, close to the port of A Guarda 

(NW Spain), was considered for the purposes of this study and, in particular, for selecting 

the wave conditions. Figure 5.27 shows the scatter diagram for this selected reference 

site, and Table 5.5 shows the characteristics of the same reference site. The methodology 

followed to generate these wave conditions can be seen in (Carballo and Iglesias, 2012). 

Experimental methodology
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Figure 5.27: Scatter diagram for the selected reference site. 

 

Following some proposed guidelines for wave energy laboratory tests, as (HMRC and 

Marine Institute of Ireland, 2003, Nielsen, 2003) or the more recent ones (Holmes, 

2009), the tests were carried in five different series divided into two steps: the first, with 

regular waves; the second, with irregular waves. 

 

 
Table 5.5: Characteristics of the selected site. 

Selected reference site data 

  
Location A Guarda (NW Spain) 

Latitude [UMT] 29 T / 508,250 m E 

Longitude [UMT] 29 T / 4,640,000 m N 

Water depth 20.170 m 

Predominant climate Atlantic 

Annual mean power 25.67 Kw/year 

Resolution in period 1 s 

Resolution in height 0.5 m 
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5.8.1. Regular waves 

Two different experimental series are defined to test the hybrid energy converter 

under regular waves. The first one, Series A defines the conditions to test the device 

under regular linear waves. The second one, Series B does it for regular non-linear waves 

– note that both tests are complementary as they cover different wave heights focusing 

the linear analysis for the smaller amplitude waves and the non-linear for the larger ones. 

Table 5.6 contains the wave conditions (period and height) for both series and the 

generalised test numbers for each one of the three orifice diameters. 

 
Table 5.6: Wave conditions and test numbers for Series A and Series B (rows and columns in bold represent the values 
of the wave period and wave height at prototype and model scale respectively). 

 T [s] Prot. 7 8 9 10 11 12 13 14 
H [m]  Model 

1.14 1.31 1.47 1.63 1.80 1.96 2.12 2.29 
Prot. Model  

           Series A – regular linear waves 

0.75 0.020 xx012 xx04 xx07 xx10 xx13 xx16 xx19 xx22 
1.25 0.033 xx02 xx05 xx08 xx11 xx14 xx17 xx20 xx23 

1.75 0.047 xx03 xx06 xx09 xx12 xx15 xx18 xx21 xx24 
Series B – regular non-linear waves 

1.75 0.047 xx01 xx07 xx13 xx19 xx25 xx31 xx37 xx43 

2.25 0.060 xx02 xx08 xx14 xx20 xx26 Xx32 xx38 xx44 

2.75 0.073 xx03 xx09 xx15 xx21 xx27 xx33 xx39 xx45 

3.25 0.087 xx04 xx10 xx16 xx22 xx28 xx34 xx40 xx46 

3.75 0.100 xx05 xx11 xx17 xx23 xx29 xx35 xx41 xx47 

4.25 0.113 xx06 xx12 xx18 xx24 xx30 xx36 xx42 xx48 
            

Data from Series A were introduced directly on the wave maker software by inserting 

the wave period and height values, and the test duration was determined for a total length 

of 100 waves. For Series B, the water free surface elevation at the wave maker have been 

determined as explained in Appendix A. The test duration for Series B was determined 

for a length of 50 waves. 

                                                        
2 Note that the x characters at the different test numbers should be substituted by the respective orifice 
diameter size for each experiment set named as 30, 44 and 51 
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5.8.2. Irregular waves 

Three different experimental series are defined to test the hybrid energy converter 

under irregular waves. The first one, Series C defines the selected sea states to study the 

performance of the device for irregular waves. The second one, Series D does it for the 

sea stated aimed to study the performance of the device under a different spectral shape, 

by comparing two different spectra. Finally, Series E defines the sea states to study how 

the device performs under for a fix significant wave height and a range of wave periods. 

 
Table 5.7: Wave conditions for Series C. 

Test number 
Prototype Model 

Hs [m] Tp [s] Hs [m] Tp [s] 

     xx01 1.25 7.81 0.033 0.911 

xx02 1.75 9.19 0.047 1.072 

xx03 2.25 10.29 0.060 1.200 

xx04 2.75 10.47 0.073 1.221 

xx05 3.25 10.93 0.087 1.275 

xx06 3.75 11.51 0.100 1.342 

xx07 4.25 12.05 0.113 1.406 

     
 

The sea states from these three series were obtained from the wave resource analysis 

of the selected site at “A Guarda” by averaging a common energy period (Te) for each 

wave height beam. The average of the energy period has been done by using the number 

of hours of each sea state as weighing factor. A JONSWAP spectrum sea (with the shape 

parameter gamma selected as 3.3) was selected to define the conditions for Series C and 

Series E and a Pierson-Moskowitz (PM) for Series E. Following (EU-OEA, 2010), the 

total length for all the irregular test on the three series was selected to match 60 minutes 

at prototype scale – i.e., at model scale 1:37.5 the testing time has a duration of 9:48 min. 

Table 5.7, Table 5.8 and Table 5.9 present the different sea conditions for Series C, 

Series D and Series E respectively. 
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Table 5.8: Wave conditions for Series D. 

Test number 
Prototype Model 

Hs [m] Tp [s] Hs [m] Tp [s] 

     xx01 1.75 9.19 0.047 1.072 

xx02 2.25 10.29 0.060 1.200 

xx03 2.75 10.47 0.073 1.221 

xx04 3.25 10.93 0.087 1.275 

     
 

Table 5.9: Wave conditions for Series E. 

Test number 
Prototype Model 

Hs [m] Tp [s] Hs [m] Tp [s] 

     xx01 2.25 8.75 0.060 1.429 

xx02 2.25 9.92 0.060 1.619 

xx03 2.25 11.08 0.060 1.810 

xx04 2.25 12.25 0.060 2.000 

xx05 2.25 13.42 0.060 2.191 

xx06 2.25 14.00 0.060 2.286 

     
 

Data from Series D were introduced directly on the wave maker software by inserting 

the wave parameters, and the test duration. For Series C, the water free surface elevation 

at the wave maker was determined by means of a MATLAB script. This approach for the 

JONSWAP spectrum was selected in order to be able to record the random phase 

component of the waves, so the same sea state may be reproduced in future in the 

numerical model. 

5.8.3. Repeatability test 

Finally, four additional experimental series are defined in order to measure the 

quality of the experimental set-up, by ensuring that data from the experimental 

campaign are repeatable. For this purpose, two experimental series were defined for 

regular waves (Series AR and Series BR) and other two for irregular waves (Series CR 

and Series DR). Series AR and Series BR cover the tests with linear and non-linear waves 

respectively, and Series CR and Series DR do the same for the irregular with the two 

different spectrum shapes JONSWAP and PM respectively. Table 5.10, Table 5.11 and 
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Table 5.12 present the test numbers and sea state conditions for each one of these four 

series. 

 

 
Table 5.10: Wave conditions and test numbers for Series AR and Series BR (note that the rows and columns in bold 
represent the values of the wave period and wave height at prototype and model scale respectively). 

 T [s] Prot. 8 10 12 

H [m]  Model 1.31 1.63 1.96 

Prot. Model     

      Series AR – regular linear waves 

0.75 0.020 

xx01 xx11 xx21 

xx02 xx12 xx22 

xx03 xx13 xx23 

xx04 xx14 xx24 

xx05 xx15 xx25 

1.75 0.047 

xx06 xx16 xx26 

xx07 xx17 xx27 

xx08 xx18 xx28 

xx09 xx19 xx29 

xx10 xx20 xx30 

Series BR – regular non-linear waves 

1.75 0.047 

xx01 xx11 xx21 

xx02 xx12 xx22 

xx03 xx13 xx23 

xx04 xx14 xx24 

xx05 xx15 xx25 

3.25 0.087 

xx06 xx16 xx26 

xx07 xx17 xx27 

xx08 xx18 xx28 

xx09 xx19 xx29 

xx10 xx20 xx30 
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Table 5.11: Wave conditions for Series CR – time domain analysis JONSWAP Spectrum Sea. 

Test number 
Prototype Model 

Hs [m] Tp [s] Hs [m] Tp [s] 

     xx01 

1.25 6.70 0.033 0.911 

xx02 

xx03 

xx04 

xx05 

xx06 

2.25 8.82 0.060 1.200 

xx07 

xx08 

xx09 

xx10 

xx11 

3.25 9.37 0.087 1.275 

xx12 

xx13 

xx14 

xx15 

     
 

 
Table 5.12: Wave conditions for Series DR – spectral shape analysis PM Spectrum Sea. 

Test number 
Prototype Model 

Hs [m] Tp [s] Hs [m] Tp [s] 

     xx01 

2.25 8.82 0.060 1.200 

xx02 

xx03 

xx04 

xx05 

xx06 

3.25 9.37 0.087 1.275 

xx07 

xx08 

xx09 

xx10 
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“Nature is source of truth. Experience does not ever err,  

it is only your judgment that errs in promising itself results 

 which are not caused by your experiments!” 

Leonardo da Vinci 
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6.1. Introduction 

The subject of this chapter is the analysis and discussion of the data from the physical 

modelling test campaign described in the previous chapter. This is done in two steps: 

first describing the procedure followed to analyse and post-process the data and then 

discussing and presenting the results obtained. The main research objective for the 

physical modelling part of this thesis is to define a set of tools to completely analyse the 

hydrodynamic performance of the WEC sub-system of a hybrid wind-wave energy 

converter under operational conditions and to understand the physical processes behind 

it. These tools are used to analyse a particular case of the prototype defined in Chapter 4, 

in order to: (i) prove the concept from Chapter 4 and (ii) define a reference case for it to 

be used later in this thesis and for comparison in future research. 

The approach taken at this chapter is governed by the overall and the particular 

research objectives (Chapter 1) relative to the physical modelling: 

a) Overall research objectives 

─ Test a scale model of the hybrid prototype, to get an initial validation of the 

converter;  

─ Define a set of tools to evaluate the performance of the WEC sub-system of 

the hybrid device; and 

─ Study the performance of the device under different wave conditions. 

b) Particular research objectives 

─ Perform an Incident and Reflected Wave Analysis (IRWA) on the nearby of 

the hybrid model; 

─ Determine the Power and CWR matrices of the device; 

─ Determine the RAOs of the device; 

─ Study its performance under different PTO damping conditions; 

─ Study the run-up at the hybrid model; 

─ Study its performance under regular linear and non-linear waves; and 

─ Study its performance under irregular waves. 
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The analysis was carried out on complete data sets rather than data acquired in real 

time, so plenty of processing time on powerful desk-top work-station computer was 

available. Signal processing and wave statistics techniques were implemented using a 

range of high level user language scripts under MATLABR from MathWorks Inc. 

Section 2 of this chapter presents the data analysis scheme followed to analyse the 

data, going from the data preparation to the description of the processes followed to 

analyse the data in the framework of the particular research objectives. The experimental 

results including its discussion on the context of the proposed research objectives has 

been done for both regular waves in Section 3 and for irregular waves in Section 4. 

Section 5 presents the third and last part of the physical modelling campaign, the 

repeatability tests section, necessary to ensure the quality of the experimental campaign 

for regular and irregular waves. Finally, Section 6 presents the conclusions of the 

chapter. 

6.2. Data analysis 

6.2.1. Overview 

The implementation of the data analysis procedures to the data set - i.e., wave and 

pressure data records from the experimental campaign - is now described, into six main 

stages: 

I. Data preparation 

II. Power output  

III. Incident and reflected wave analysis 

IV. OWC Performance  

V. Damping 

VI. Wave run-up 

At each stage, additional scripts are produced to generate the required files of plots 

and statistics. Many hundreds of records (as well as processed data records) together 

with associated information from the different sensors, their relative positions and the 
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calibration data, were kept carefully with the correct association between files. This was 

done by applying a logical file-naming and directory structure. Also, the scripts contain, 

as far as possible, all the variables needed for a complete interpretation to information 

kept elsewhere, and the pertinent comments to understand the code. 

In total 89 program scripts, written in the mathematical analysis language MATLAB, 

where used to carry out these functions. All scripts were written by the Author with 

exception of the 16 used to perform the reflexion analysis (Section 6.2.4). Examples of 

the outputs from these scripts will be found in Section 6.3, Section 6.4 and Section 6.5. 

6.2.2. Stage I: Data preparation 

Chapter 5 describes the materials and methods considered at the experimental 

campaign to test the physical model. Each one of the tests, defined at the experimental 

programme for regular and irregular waves (Section 5.8), records all data measured by 

the different instruments into different files. These files include: 

 One file with the wave generation parameters, test number, sampling 

parameters and instrument calibration information for each channel; 

 One ASCII file containing all the instrument channel records with all the 

calibration information applied plus the time vector; 

 One file with all the wave maker tracking data; 

 One file for the irregular waves series, which contains the free surface 

elevation at the paddle and the sampling frequency of these data (Series C and 

Series E) or the values of the spectral power density for each frequency band 

and the respective frequency vector (Series D). 

 Two files with the two video records for all the test duration, a frontal and a 

lateral perspective; and 

 One file including the recorded data extracted from the Vectrino software. 

The next step is to extract the recorded data from the ASCII file; correct them to be 

sure that all have the right units and calibration coefficients; set to zero all the values; 
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and save the data again in separate files for each one of the parameters recorded, named 

as: (i) Wave Gauges (WG), (ii) Ultrasonic Water Level (UWL), (iii) Air Pressure, (iv) 

Acoustic Doppler Velocimetry (ADV) and (v) RAW data. All the previous files contain the 

data from the respective sensors plus the time vector, except for the raw data file which 

contains all the data plus the time vector. 

After a preliminary analysis of the raw data, filters were applied to remove the noise 

in some of the original signals. On the one hand, spurious peaks are present at UWL 

sensor measurements, these occur when the senor does not receive signal (echo-lost) or 

when the recorded measurement does not correspond to the real one - e.g., when the 

recorded measure comes from a reflected signal, showing a false increased response. On 

the other hand, the noise present at the air pressure and ADV records is the standard 

noise associated to an electronic transducer. 

Three families of filters were used to avoid peaks or minimize the effects of the white 

noise, named as: (a) median filter; (b) Butterworth low-pass filter; and (c) despiking 

filter. These filters are explained more in detail in Appendix C. 

6.2.3. Stage II: Power output 

As shown in Equation (3.8), the pneumatic power extracted by the PTO of the 

device - i.e., the orifice that represents the impulse turbine - is a function of the air flux 

rate through the orifice and the differential air pressure between inside and outside the 

chamber. On the one hand, the pressure value is directly recorded with the differential 

pressure sensor. On the other hand, the measurement of the air flow rate is not trivial, as 

it would require an expensive and specialized hot-wire anemometer to obtain a set of 

accurate measurements. However, the air flow rate can be determined by assuming that 

the air inside the chamber is incompressible and applying the conservation of mass 

theorem – i.e., considering the couple air-water surface (inside the chamber) as a 

piston - the air flow rate at the orifice is the same as at the water-air interface, which 

could be obtained from the derivative of the free surface displacement - i.e., the free 

surface velocity. 
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Based on Equation (3.8), the mean pneumatic power of the OWC converter 𝑃𝑚 , 

during a test can be rewritten as 

𝑃𝑚 =
1

𝑡𝑚𝑎𝑥
∫ ∆𝑝 𝑞 𝑑𝑡

𝑡𝑚𝑎𝑥

0

 (6.1) 

where ∆𝑝  is the pressure drop between the chamber and the atmosphere, q is the 

volumetric air flow rate through the chamber’s orifice, 𝑡 is time and 𝑡𝑚𝑎𝑥 is the duration 

of the test (López et al., 2014). 

An algorithm was implemented in MATLAB proceeding with the following steps: 

i. The velocity of the free surface inside the OWC chamber was obtained by the 

numerical differentiation of the UWL data by using a first order method;  

ii. The velocity data were filtered with a low-pass Butterworth filter once 

obtained in order to produce a smoother data set; 

iii. The three UWL sensor measurements are averaged to obtain a mean value of 

the free surface for the chamber; 

iv. The flow rate is determined at the orifice by multiplying the free surface 

vertical velocity component by the chamber’s area, which has a value of 

0.1532 m2. As sub-products, the air velocity at the orifice and the air mass flow 

are obtained here; 

v. The instantaneous power and the OWC energy output are calculated; 

vi. The maximum and mean pneumatic pressures and powers are calculated 

from the instantaneous pressure and power respective time series; and 

vii. The plotted graphs and data sets are recorded at their respective folders. 

When observed the relationship between maximum (Pmax) and mean (Pm) power on 

a WEC it can be appreciated that there is a significant difference between these two 

values – being Pmax of the order of 10 times larger than Pm, when for a wind turbine, for 

example, these are of the order of 5 times higher. The large difference between Pmax and 

Pm may have a direct impact on the energy cost due to the over cost of designing the 

device to stand the maximum power. Hereby, this ratio should be a crucial element at 

the design phase of a WEC. In order to measure this ratio, a new coefficient has been 
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defined in this thesis, the maximum to mean power coefficient (χmax), which is defined 

as the ratio between the maximum power output (Pmax) and the mean power (Pm). 

χ𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥

𝑃𝑚
 (6.2) 

6.2.4. Stage III: Incident and reflected wave analysis 

When the incident wave, generated by the wave maker, reaches the model its 

associated energy is decomposed into three main processes, named: (i) a reflected wave, 

which travels back to the wave maker superimposed to the incident wave; (ii) a 

transmitted wave which overpasses the model and ends at the dissipation beach at the 

end of the flume; and (iii) as energy loses due to different processes - e.g., the energy 

extracted by the WEC, the energy dissipated as radiation, thermal processes due to 

friction, etc. The transmitted wave can be easily determined by the direct measurement 

of the surface elevation through a Wave Gauge (WG) positioned at the rear of the WEC, 

however, the incident and reflected wave are not so straight forward and an analysis 

technique is needed to split the directly recorded wave into the incident and reflected 

waves composing it. 

Although a full analysis of the reflection phenomena of the hybrid device is not 

intended in this thesis, an Incident and Reflected Wave Analysis (IRWA) method 

proposed by Baquerizo, et al (1997) was used to: (i) decompose the recorded surface 

elevation into the incident and reflected ones (as seen in Section 5.5.2.1) – the incident 

free surface elevation obtained from the IRWA is used later as the main reference to 

evaluate the performance of the device; and (ii) characterise the reflection, transmission 

and absorption coefficients to set the basis for future analysis and development of the 

hybrid device. 

The reflection (KR) and transmission (KT) coefficients for each one of the tests are 

obtained by the direct application of the IRWA method - i.e., this is done by the 

application of the method to the sensors WG_02, WG_03 and WG_04 for the incident 

and reflected waves and WG_08 for the transmitted wave. Following Hughes (1993), the 

reflection and transmission coefficients can be defined as: 
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For regular waves 

𝐾𝑅 =
𝐻𝑟

𝐻𝑖
  (6.3) 

𝐾𝑇 =
𝐻𝑡

𝐻𝑖
  (6.4) 

and for irregular waves 

𝑚0 = ∫ 𝑆(𝑓)𝑑𝑓
𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛

 (6.5) 

where m0 is the generic zero order moment and S a generic power spectral density, then 

𝑚0𝐼 = ∫ 𝑆𝐼(𝑓)𝑑𝑓
𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛

 (6.6) 

𝑚0𝑅 = ∫ 𝑆𝑅(𝑓)𝑑𝑓
𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛

 (6.7) 

𝑚0𝑇 = ∫ 𝑆𝑇(𝑓)𝑑𝑓
𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛

 (6.8) 

𝐾𝑅 = √
𝑚0𝑅

𝑚0𝐼
  (6.9) 

𝐾𝑇 = √
𝑚0𝑇

𝑚0𝐼
  (6.10) 

where m0I, m0R and m0T are zero order moments; and SI, SR and ST power spectral 

densities of the incident, the reflected and the transmitted wave, respectively. 

Once KR and KT have been obtained from the IRWA method and the application of 

the equations above, then the absorption or loss coefficient 3  (KA) can be calculated 

applying the following equation (Thornton and Calhoun, 1972): 

𝐾𝑅
2 + 𝐾𝑇

2 + 𝐾𝐴
2 = 1  (6.11) 

Note that the IRWA is applied equally to analyse the data from all experimental 

Series, for both regular and irregular waves. 

                                                        
3 Note that this coefficient groups all the energy that is not reflected or transmitted. Traditionally in civil 
engineering, this term represents the energy absorbed by the breakwater or coastal structure and so the 
reason to be called absorption coefficient. However, when talking about wave energy conversion, this term 
quantifies the energy absorbed by the WEC as well as the energy loses due to friction or wave radiation. 
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The Steepness parameter (S) is used to analyse the previous and further coefficients 

for regular waves and is defined as: 

𝑆 = 2𝜋
𝐻

𝑔𝑇2
  (6.12) 

where H is the wave height, g is the acceleration of gravity (9.81 m/s2) and T is the wave 

period. 

For irregular waves a similar Significant Steepness parameter (SS) is defined as: 

𝑆𝑆 = 2𝜋
𝐻𝑠

𝑔𝑇02
2   (6.13) 

where Hs is the significant wave height, g is the acceleration of gravity and T02, which are 

determined as: 

𝐻𝑆 = 4√𝑚0 (6.14) 

𝑚2 = ∫ 𝑓2𝑆(𝑓)𝑑𝑓
𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛

 (6.15 

𝑇02 = √
𝑚0

𝑚2
 (6.16) 

where m0 is the zero-order moment, m2 the second order moment and S the power 

spectral density. 

6.2.5. Stage IV: OWC performance 

The Power Matrix and the Response Amplitude Operator (RAO) are two of the most 

extended tools to analyse the performance of a WEC. The power matrix is to a WEC what 

a power curve is to a wind turbine – i.e., represents the device’s performance for the 

different sea states. The RAO is a linear non-dimensional operator which relates the 

amplitude of a representative response of the device with the amplitude of the incident 

wave - e.g., a representative response of the system is typically the amplitude of motion 

of the free surface oscillation at the inner OWC chamber, or the amplitude of the 

differential air pressure. 

In order to compose the power matrix within the appropriate range experiments, 

regular waves from both Series A and Series B (linear and non-linear waves respectively) 
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are considered. This matrix is built from the direct values of mean pneumatic power 

determined for each couple of wave period and wave height directly from Equation (6.1). 

Furthermore, a second matrix is also built here from the different values of the Capture 

Width Ratio (CWR) determined from Equation (3.10). In order to determine the CWR it 

is necessary to know the wave power available at the site and the pneumatic power 

generated by the WEC. For this thesis, the pneumatic power has already been calculated 

as explained in stage II, whereas the mean wave power of the incident waves per metre 

of wave front (J) is determined as (López et al., 2014), 

𝐽 = 𝜌𝑤𝑔∫ 𝑆(𝑓)𝑐𝑔𝑑𝑓
𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛

  (6.17) 

where 𝜌𝑤  is the water density; g the gravitational acceleration; and S and 𝑐𝑔  are the 

power spectral density and the group velocity respectively. The group velocity is given by 

𝑐𝑔 =
1

2
(1 +

2𝑘ℎ

sinh(2𝑘ℎ)
) 𝑐 (6.18) 

where h is the water depth, k the wave number and c is the corresponding wave celerity, 

which can be obtained from Equation (A.6) and Equation (A.8) respectively. 

Equation (6.17) can be simplified for regular waves as: 

𝐽 =
𝜌𝑤𝑔𝐻2

8
𝑐𝑔  (6.19) 

Finally, the wave power available to be extracted by the WEC is the product of the 

previous one defined by Equation (6.17) for irregular waves, and Equation (6.19) for 

regular waves; and the characteristic dimension of the WEC (l) – i.e., the chamber width. 

This is defined by Equation (6.20), where l is the chamber’s frontal width at the water 

plane area (as seen in Chapter 5 l = 0.650 m), 

𝐽𝑊𝐸𝐶 = 𝐽 𝑙  (6.20) 

The computation of the ratio of amplitudes, without considering the relative phases 

of the signals, is called the Response Amplitude Operator (RAO) which is widely used to 

study the relation between different input and output or response parameters of a linear 

system. Note that this can be defined to analyse the relation between different 

parameters - i.e., wave amplitude, horizontal or vertical velocities at a fixed depth, 
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pressure, etc. -  and several degrees of freedom (Lopes, 2011). At this thesis, the RAO has 

been used to compare the relation between the amplitude of the incident wave; and the 

amplitude of the chamber’s free surface oscillation and the pneumatic pressure. The 

notation RAOη,i is used for the relation between the body movement (i.e., for this thesis 

the OWC chamber’s free surface) in DOF i and the incident wave amplitude (a). 

Equation (6.21) defines the RAO as a non-dimensional operator 

𝑅𝐴𝑂𝜂,𝑖(𝑓) =
|Ξ𝑖|

𝑎 𝑙𝛾⁄
 (6.21) 

where Ξi is the complex amplitude of body displacement in oscillation mode i - i.e., Surge, 

Sway, Heave, Roll, Pitch and Yaw; l the characteristic dimension of the WEC - typically 

its width or diameter; and the exponent (γ), which is zero for the translation modes and 

one for the rotation modes. 

The RAO operator for the translation motion of the chamber’s free surface oscillation 

in heave (𝑅𝐴𝑂𝐶) can be rewritten as: 

𝑅𝐴𝑂𝐶 = √
𝑚0𝐶

𝑚0𝐼
 (6.22) 

where m0I is the zero-order moment of the incident wave, defined in Equation (6.6) and 

m0C is the zero-order moment of the chamber’s free surface oscillation, defined as: 

𝑚0𝐶 = ∫ 𝑆𝐶(𝑓)𝑑𝑓
𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛

 (6.23) 

where SC is the power spectral density of the movement of the chamber’s free surface. 

A similar approach is followed for the RAO of the pneumatic pressure (𝑅𝐴𝑂𝑃 ), 

however, this time it must be divided by the water density (𝜌𝑤) and the gravitational 

acceleration (g) to make the RAO non-dimensional. This can be written as: 

𝑅𝐴𝑂𝑃 =
1

𝜌𝑤𝑔
√

𝑚0𝑃

𝑚0𝐼
 (6.24) 

where m0I is the zero-order moment of the incident wave, defined in Equation (6.6) and 

m0P is the zero-order moment of the variation of the pneumatic pressure, defined as: 
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𝑚0𝐶 = ∫ 𝑆𝑃(𝑓)𝑑𝑓
𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛

 (6.25) 

where SP is the power spectral density of the variation of the pneumatic pressure. 

For irregular waves, instead of comparing the response of two amplitudes, the RAO 

compares the spectrum of the response with the spectrum of the incident wave. So, now 

Equation (6.22) and Equation (6.24) can be rewritten for irregular waves as: 

𝑅𝐴𝑂𝑐(𝑓) = √
𝑆𝐶(𝑓)

𝑆𝐼(𝑓)
 (6.26) 

𝑅𝐴𝑂𝑃(𝑓) =
1

𝜌𝑤𝑔
√

𝑆𝑃(𝑓)

𝑆𝐼(𝑓)
 (6.27) 

where 𝑆𝐼, 𝑆𝑐 and 𝑆𝑃 are the power spectral densities of respectively the incident wave, the 

movement of the chamber’s free surface and the Chamber’s differential air pressure; 𝜌𝑤 

is the water density and g is the gravitational acceleration. 

6.2.6. Stage V: Turbine damping 

To determine the OWC performance, a dimensional analysis based on the concepts 

explained in Section 3.4 and Appendix A is required. The parameters to be considered 

for this dimensional analysis can be grouped as: (i) the turbine-camber coupling, (ii) the 

hydrodynamic main agents, and (iii) the physical properties of the environment. The 

main parameters to be considered from the first group are: the pressure drop between 

the chamber and the atmosphere (∆𝑝); the air volumetric flow rate through the turbine 

duct (𝑞); and the characteristic parameter of the chamber - i.e., the internal chamber’s 

area (𝐴𝐶). From the second group the parameters are: wave height (𝐻) and wave period 

(𝑇)  (for regular waves): or significant wave height (𝐻𝑆)  and peak period (𝑇𝑝)  (for 

irregular waves); and water depth (ℎ) . Finally, the ones for the third group are: 

gravitational acceleration (𝑔) ; air density (𝜌𝑎) and water density (𝜌𝑤). 

Using the mean values of pneumatic power, Equation (6.1) and pressure drop 

∆𝑝𝑚 =
1

𝑡𝑚𝑎𝑥
∫ |∆𝑝| 𝑑𝑡

𝑡𝑚𝑎𝑥

0

 (6.28) 
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And assuming that 𝑃𝑚  and q are functions of 𝑇, 𝐻, ℎ, ∆𝑝𝑚, 𝑔, 𝜌𝑎 , 𝜌𝑤 , 𝑙  and air 

chamber geometry; dimensional analysis can be applied to obtain the following variables 

𝑃𝑚
∗ =

𝑃𝑚𝑇3

𝜌𝑎𝐴𝐶
3 2⁄

 (6.29) 

𝐵∗ =
∆𝑝1 2⁄

𝑞𝑎𝜌𝑎
1 2⁄

  (6.30) 

∆𝑝∗ =
∆𝑝𝑚𝑇2

𝜌𝑎𝐴𝐶
 (6.31) 

𝜌∗ =
𝜌𝑤

𝜌𝑎
 (6.32) 

𝑇∗ =
𝑔𝑇2

ℎ
 (6.33) 

𝐻∗ =
𝐻

ℎ
 (6.34) 

ℎ∗ =
ℎ

𝑙
 (6.35) 

The first dimensionless product is the mean pneumatic power coefficient (𝑃𝑚
∗ ); the 

second product 𝐵∗  is the damping coefficient; the third ∆𝑝∗  is the pressure drop 

coefficient; the fourth 𝜌∗  is the density ratio; and the remaining products are the 

dimensionless wave period (𝑇∗), the dimensionless wave height (𝐻∗), and water depth 

(𝑑∗). For irregular waves the dimensionless wave period (𝑇∗) and height (𝐻∗) changes 

into the dimensionless peak wave period (𝑇𝑝
∗) and the significant wave height (𝐻𝑠

∗); and 

so consequently: the mean pneumatic power coefficient (𝑃𝑚
∗ )  and the pressure drop 

coefficient (∆𝑝∗) which now are the irregular pneumatic power coefficient (𝑃𝑚𝑖
∗ ) and the 

irregular pressure drop coefficient (∆𝑝𝑖
∗). Table 6.1 shows the different wave conditions 

considered for the different test Series A, Series B, Series C, Series D and Series E and 

their equivalent dimensionless values as result of applying the previous equations (López 

et al., 2014). 

𝑇𝑃
∗ =

𝑔𝑇𝑃
2

ℎ
 (6.36) 

𝐻𝑠
∗ =

𝐻𝑠

ℎ
 (6.37) 
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𝑃𝑚𝑖
∗ =

𝑃𝑚𝑇𝑃
3

𝜌𝑎𝑙5
 (6.38) 

∆𝑝𝑖
∗ =

∆𝑝𝑚𝑇𝑃
2

𝜌𝑎𝑙2
 (6.39) 

 
Table 6.1: Wave parameters used in physical tests for Series A, Series B, Series C, Series D and Series E and their 
dimensionless equivalents (dimensions are at model scale). 

Regular waves Irregular waves 

H [m] H* T [s] T* Hs [m] 𝑯𝑺
∗  TP [s] 𝑻𝑷

∗  

        0.020 0.031 1.14 19.614 0.033 0.051 1.276 24.573 
0.033 0.051 1.31 25.900 0.047 0.072 1.334 26.858 
0.047 0.072 1.47 32.613 0.060 0.092 1.429 30.819 
0.060 0.092 1.63 40.099 0.073 0.112 1.501 34.003 
0.073 0.112 1.8 48.899 0.087 0.134 1.619 39.559 
0.087 0.134 1.96 57.979 0.100 0.154 1.680 42.597 
0.100 0.154 2.12 67.831 0.113 0.174 1.710 44.131 
0.113 0.174 2.29 79.146 - - 1.785 48.087 

- - - - - - 1.810 49.444 
- -   - - 1.879 53.286 
- - - - - - 1.968 58.453 
- - - - - - 2.000 60.369 
- - - - - - 2.191 72.450 
- - - - - - 2.286 78.869 

         

Instantaneous values of the flow rate and the pressure drop are used to calculate the 

damping coefficient because the relation between these two variables can be described 

by a parabolic approximation - this is true for an impulse turbine, as seen in Chapter 3. 

Among the previous coefficients, the density ratio (𝜌∗) can be neglected, as the working 

media will always remain the same (i.e., air and water). 

Note that the non-dimensional wave periods and wave heights used at this section 

are specific for the damping and turbine-chamber coupling analysis, in order to be 

coherent with previous works and to compare the results. 

6.2.7. Stage VI: Wave run-up 

This final stage describes the technique followed to analyse the wave run-up at the 

hybrid model. Two different wave gauges were used to measure the wave run-up at the 

model (As see in Chapter 5). The evaluation of wave run-up is done by means of the so 

called wave run-up coefficient, which following (USACE, 2002) can be defined for 

regular waves as  
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𝐶 =
𝑅

𝐻
 (6.40) 

where 𝑅 is the wave run-up and H is the wave height.  

Among all the different run-up values commonly used to evaluate the irregular waves 

run-up over a structure – i.e., the maximum run-up (𝑅𝑚𝑎𝑥), the run-up exceeded by 2% 

of the crest (𝑅2%), the average of the highest 1/10 of the run-ups (𝑅1 10⁄ ), the average of 

the highest 1/3 of the run-ups or significant run-up (𝑅𝑆) and the mean run-up (�̅�) - two 

have been selected to define the maximum and significant run-up coefficients, (𝐶𝑚𝑎𝑥) 

and (𝐶𝑆) respectively. Notwithstanding, evaluating other characteristic values would be 

straightforward. The maximum and significant run-up coefficients are defined as 

𝐶𝑚𝑎𝑥 =
𝑅𝑚𝑎𝑥

𝐻𝑆
 (6.41) 

𝐶𝑆 =
𝑅𝑆

𝐻𝑆
 (6.42) 

6.3. Experimental results I: Regular waves 

6.3.1. Overview 

This section presents the experimental results of the physical modelling experimental 

campaign for regular waves, looking at the two different Series: Series A, where regular 

linear waves were tested; and Series B, where regular non-linear waves were tested. Both 

series complement to each other as they cover different wave ranges with the exception 

of an overlapping wave height which was chosen for comparative reasons. 

Section 6.3.2 looks into the OWC pneumatic power output and the Incident and 

Reflected Wave Analysis (IRWA). In Section 6.3.3 a complete study of the OWC 

performance is done, looking at the OWC power and Capture Width Ratio (CRW) 

matrices and the influence of the turbine damping in the OWC performance. In Section 

6.3.4 the wave run-up at the front of the model is analysed. Finally, Section 6.3.5 

compares the regular linear and non-linear time series for the overlapping wave height. 
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6.3.2. Power output and incident wave for regular waves 

6.3.2.1. Free surface elevation in the chamber 

The free surface elevation at the inner part of the chamber is one of the crucial 

aspects, together with the chamber air pressure, to consider when determining the power 

output and performance of an OWC. Special attention should be given to the free surface 

elevation inside the chamber, for this reason three UWL sensors were used to measure it 

at different positions (Section 5.5.2). 

From the visual analysis of all the time series it can be observed that data from both 

lateral sensors have similar values while the central one are greater (an example for one 

of the test can be seen in Figure 6.1), however, there are some test were the three sensors 

present almost identical values (Figure 6.2). Furthermore, sloshing was detected at the 

OWC chamber free surface during the experiments and after the visualization of the 

recorded videos. This sloshing was greater for certain wave conditions, and it is produced 

by the air jet flowing in and out the chamber through the orifice, which creates internal 

waves at the inner free surface. Due to its particularities, this phenomenon is very 

difficult to measure, especially with only three UWL sensors - a complete grid of 

independent sensors should be introduced into the chamber to be able to determine it 

properly. 

 

 

Figure 6.1: Three UWL signals and their average for a test were the central sensor is clearly greater than the external 
ones (signals correspond to sensors UWL_01, UWL_02 and UWL_03 for test number 3060 at Series B; dimensions 

are at model scale). 
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Figure 6.2: Three UWL signals and average of the two external ones for a test where they are well correlated (the 
signals correspond to sensors UWL_01, UWL_02 and UWL_03 for the test number 4424 at Series A; dimensions are 

at model scale). 

Considering both phenomena it can be concluded that the semi cylindrical shape of 

the OWC chamber with the central monopile makes, generally, the free surface converge 

over the central part of the chamber at the central plane, increasing the oscillation of the 

free surface at this point. This confirms one of the research findings expected with the 

proposition of this particular OWC geometry. 

6.3.2.2. Pneumatic power 

Almost the most important part of studying the performance of a novel WEC lies in a 

proper estimation of its power performance. Mean values from the three UWL sensors 

were used to establish the velocity of the free surface at the inner chamber and so the air 

volumetric flow rate. This was used together with the differential air pressure to 

determine the turbine pneumatic power output (Section 6.2.3). 

As with other similar OWC or WEC systems, three have been the parameters used to 

study its power output, named as: (i) the instantaneous pneumatic power (P), (ii) the 

mean pneumatic power (Pm) and (iii) the energy output. Figure 6.3 shows an example of 

the instantaneous and the mean pneumatic power produced by the OWC for one of the 

tests. There can be appreciated that the mean power is far below the peak or maximum 

instantaneous power. This is a general issue of all WECs and PTOs, which need to be 

designed to stand the maximum instantaneous power. 
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Figure 6.3: Instantaneous and average OWC pneumatic power (signal correspond to test number 5112 at Series A; 

dimensions are at model scale). 

In the particular case of regular waves, it can be appreciated that this difference is not 

as great as it would be seen later for irregular waves (Section 6.4.2.1). Another 

particularity that can be appreciated from the analysis of the instantaneous pneumatic 

power is that there is a clear difference in amplitude between the inhalation and 

exhalation power production, being the power extraction at the exhalation greater than 

for the inhalation. This phenomenon can be clearly observed in Figure 6.3 and is mainly 

driven by two processes: (i) the non-linear character of the real waves resulting in longer 

and less intense inhalation process in comparison with the exhalation; and (ii) the 

thermodynamics of the inhalation and the exhalation processes are different having the 

inhalation one a greater level of irreversibility and so producing less power. 

 
Figure 6.4: OWC energy for each one of the pneumatic power values determined by using the three UWL signals 

and their average (signals correspond to test number 5112 at Series A; dimensions are at model scale). 
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Figure 6.4 shows an example of the OWC energy calculated from each one of the UWL 

sensors individually plus the one from their average, for first 90 s of the same test as for 

the previous figure. This is a good tool to get a quick visual interpretation on the OWC 

pneumatic power production for each wave condition or sea state. 

Table D.1 and Table D.2 at the Appendix D show the mean pneumatic power (Pm), the 

maximum pneumatic power4 (Pmax) and the maximum to mean power coefficient (χmax) 

for Series A and Series B respectively - values are shown for the three different turbine 

orifices. Furthermore, Figure 6.5 represents the values of the maximum to mean power 

coefficient versus the steepness parameter (S), kh and the non-dimensional wave height 

(H*)5. 

From the analysis of the tables and figures the following observations can be done: 

(i) the maximum power output is between three and six times greater than the mean 

power; (ii) values of Pm range from 1.2 x 10-2 W to 3.4 W (3.9 kW to 1,101.8 kW at 

prototype scale) with a mean value of 0.9 W, 1.0 W and 1.0 W for the three orifice 

diameters 30 mm, 44 mm and 51 mm respectively (284.5 kW, 338.1 kW and 316.1 kW at 

prototype scale). In addition, Pmax values goes from 0.1 W to 14.3 W (18.1 kW to 

4,603.1 kW at prototype scale) with a mean value of 3.1 W, 3.8 W and 4.1 W for the three 

orifice diameters respectively (989.1 kW, 1,239.2 kW and 1328.3 kW at prototype scale); 

(iii) generally χmax increases when the wave height increases (Figure 6.5); (iv) the 

influence of the wave period over χmax is less conclusive as it is only clear that χmax 

increases when the wave period decreases just for the smaller orifice diameter (33 mm), 

however, it is clear that the wave period affects more χmax than the wave height; (v) 

generally χmax increases when the orifice diameter increases; and (vi) the maximum 

power (Pmax) is between 2.6 and 3.8 times higher than the mean power (Pm). 

                                                        
4 The maximum pneumatic power is determined as the maximum value or peak of the instantaneous 
pressure time series. 
5 Note that only data from Series A have been used to represent the wave height of 1.75 m. 
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Figure 6.5: Maximum to mean power coefficient (χmax) versus: (a) the steepness parameter (S) at the top graph; (b) 
kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the three 
different orifice diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at the right-hand side (data 

correspond to Series A and Series B). 
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After the analysis of the pneumatic power output of the hybrid energy converter, it 

can be concluded that this is very variable within the different experimental series, 

presenting some mean values of Pm around 300 kW. These values are comparable to 

other similar OWC devices, as seen from the database of WECs presented in (Babarit, 

2015).Furthermore, and at first glance it seems that the best performance occurs for the 

middle size orifice (44 mm). A more in detail study of the power production is analysed 

in Section 6.3.3 where the power matrix and the OWC performance are studied. 

6.3.2.3. Incident and Reflected Wave Analysis 

An Incident and Reflected Wave Analysis (IRWA) has been applied by analysing the 

signals form the sensors WG_02, WG_03, WG_04 and WG_09; reconstructing the 

incident and reflected waves from the recorded free surface elevation signals at three 

parallel WGs; and obtaining the reflection, transmission and absorption coefficients (See 

section 6.2.4). Figure 6.6 shows an example, for one of the tests from Series A, of the 

reconstructed incident and reflected waves with the IRWA method, the transmitted wave 

and the recorded free surface at the three sensors. 

 

 
Figure 6.6: The incident, reflected and transmitted waves resulting from the IRWA and the three recorded waves 

from sensors WG_02, WG_03 and WG_04 for the same test (data correspond to test number 4421 at Series A; 
dimensions are at model scale). 
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Table D.3 and Table D.4 show the reflection, transmission and absorption 

coefficients obtained from the IRWA for Series A and Series B respectively and the three 

orifice diameters 30 mm, 44 mm and 51 mm. In addition, Figure 6.7, Figure 6.8 and 

Figure 6.9 plots the reflection, transmission and absorption coefficients respectively (KR, 

KT and KA) versus the steepness parameter (S), kh and the non-dimensional wave height 

(H*) – note that in order to facilitate the interpretation of the results, best fit lines for 

each group of wave period and wave height have been included for the graphs showing 

data for regular waves, this is so as the evolution of the different variables studied with 

wave height and period can be easily observed. From the analysis of these graphs and the 

data from the tables, the following trends can be outlined: 

The reflection coefficient (KR) is driven mainly by the wave period and to a lesser 

extent by the wave height. KR decreases considerably (ranging from 0.231 to 0.714 with 

a mean value of 0.431) when the wave period increases, increasing it also when the wave 

height increases. This response is the opposite as the usual one for coastal structures 

where the reflection increases with the period, however, both represent completely 

different scenarios – i.e., coastal structures usually block the full water column where the 

hybrid device only blocks part of the top part (Appendix B). Furthermore, it is also 

appreciated that KR decreases slightly when the orifice diameter increases. 

The transmission coefficient (KT), as expected, presents the opposite behaviour to KR 

by increasing when the wave period increases and generally decreasing when the wave 

height increases. As before, the effect of the wave height is much smaller than the wave 

period. KT ranges from 0.121 to 0.365 and its mean value is 0.240. In addition, KT 

presents a similar behaviour for the three different orifice diameters, meaning that in 

general the orifice diameter does not influence KT. 
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Figure 6.7: Reflection coefficients (KR) versus: (a) the steepness parameter (S) at the top graph; (b) kh at the middle; 
and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the three different orifice 
diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at the right-hand side (data correspond to 

Series A and Series B). 
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Figure 6.8: Transmission coefficients (KT) versus: (a) the steepness parameter (S) at the top graph; (b) kh at the 

middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the three different 
orifice diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at the right-hand side (data correspond 

to Series A and Series B). 
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Figure 6.9: Absorption coefficients (KA) versus: (a) the steepness parameter (S) at the top graph; (b) kh at the middle; 

and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the three different orifice 
diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at the right-hand side (data correspond to 

Series A and Series B). 
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The absorption or loses coefficient (KA) is controlled also by the wave period, being 

the influence of the wave height on it almost null. KA increases when the wave period 

increases, and decreases generally when the wave height increases. KA ranges from 0.683 

to 0.909 and its mean is 0.861. Furthermore, the three orifice diameters present a similar 

behaviour increasing the effects of the wave height when the orifice diameter increases, 

especially for lower wave periods. 

Finally, from the joint analysis of the three coefficients it can be drawn, that the three 

coefficients are strongly dependent on the wave period and at a lesser extent on the wave 

height – i.e., when the wave period increases does it also the transmission and the 

absorption coefficients and the reflection one decreases. Regarding to the main absolute 

values, the conservation of energy shows that the absorption coefficient represents all 

the energy that it is not reflected or transmitted. This energy is partly absorbed by the 

OWC, partly transformed into radiated waves, and partly dissipated as energy loses. 

In summary, two main findings can be highlighted from this subsection. First, the 

reflection coefficient (KR) ranges between 0.23 and 0.71 and the transmission (KT) 

between 0.12 and 0.37 of the incident wave have been found for the proposed prototype. 

Secondly, it has been found that the reflection decreases when the wave period increases 

as opposite to a coastal structure but similar to other WECs - e.g., WaveCat (Fernandez, 

2012) and DEXA (Zanuttigh et al., 2013). 

6.3.3. OWC performance 

6.3.3.1. The OWC power matrix 

The power matrix was determined from the pneumatic power output of the WEC 

model during the regular wave test campaign. Figure 6.10 shows the power matrix of the 

hybrid wave-wind energy converter for each one of the three orifice diameters, 

dimensions are at prototype scale in order to facilitate its comparison with other similar 

devices. From the analysis of the three figures it can be seen that: (i) the power output of 

the 44 mm and 51 mm orifices is considerably greater than the 30 mm one; (ii) there is a 

maximum peak of power output at 11 s; (iii) the 44 mm and 51 mm orifices present a 
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wider region of maximum power, which ranges from 8 s to 13 s; (iv) the 44 mm orifice 

presents the best performance as it performs slightly better than the 51 mm one; and (v) 

it can be appreciated that generally Pm is mainly dependent on the wave period and to a 

less extent on the wave height, especially for the middle and the larger orifice diameters 

(44 mm and 51 mm respectively). 

The Capture Width Ratio (CWR) matrix (Figure 6.11) is another tool which shows the 

efficiency of a WEC in a graphical and simple way. From the graphs, it can be observed 

that the response is considerably different for the small size orifice than for the other two 

ones, being the middle one the one with the greatest performance. From the analysis of 

the matrices it can be observed that the hybrid prototype presents its greater efficiency 

(> 15%) for lower values of wave period (7 s to 10 s) and wave height from (0.75 m to 

2.75 m). It can be observed that for the biggest orifice (51 mm) high values of efficiency 

(CWR > 14%) are found also for high wave heights (up to 4.25 m). It also can be 

appreciated that even the smaller orifice being the less efficient one, it presents a wider 

area of medium efficiency values (15%-25%). Finally, there is a peak of maximum 

efficiency for the three orifice diameters at 8 s. 

In summary, two powerful tools to understand the performance of the hybrid energy 

converter have been defined in this section, the power and CWR matrices. From their 

analysis, it can be concluded that: (i) the proposed novel hybrid energy converter 

presents a peak of the power output for periods going from 8 s to 13 s and wave heights 

from 2 m to 4.25 m; and (ii) the best efficiency of the device occurs for lower periods (7-

10 s) and smaller wave heights (< 3 m), however, a wider region of intermedium 

efficiencies (15%-20%) is found for different values of wave heights and periods. 
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Figure 6.10: Variation of the pneumatic power (Pm) with the wave period and wave height, or power matrix, for the 
three orifice diameters, from top to bottom 30 mm, 44 mm and 51 mm (data correspond to Series A and Series B; 

dimensions are at prototype scale). 

 

 



Evaluation of the WEC sub-system of a hybrid wind-wave energy converter 

- 190 - 

 

 

Figure 6.11: Variation of the capture width ratio (CWR) with the wave period and wave height for the three orifice 
diameters, from top to bottom 30 mm, 44 mm and 51 mm (data correspond to Series A and Series B; dimensions are 

at prototype scale). 
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6.3.3.2. Response Amplitude Operator (RAO) 

Two are the main magnitudes dependent of the incident wave on a fixed OWC, the 

free surface elevation inside the OWC chamber and the variation of the pneumatic 

pressure between the chamber and the atmosphere. Therefore, the linear response of 

these two magnitudes was studied in this thesis by determining the RAO for both; so the 

RAO of the free surface inside the chamber has been defined as (RAOC) and the RAO of 

the pneumatic pressure as (RAOP) both defined by Equation (6.22) and Equation (6.24) 

respectively. 

Table D.7 and Table D.8 at Appendix D show the values for both RAOC and RAOP for 

Series A and Series B and the three orifice diameters (30 mm, 44 mm and 51 mm). 

Usually, RAOs are represented against the wave frequency, as they are part of the 

frequency domain analysis of the device’s behaviour. Hence, Figure 6.12 and Figure 6.13 

shows respectively RAOC and RAOP versus the wave frequency and wave height. 

Furthermore, both RAOs are represented against the steepness parameter (S), kh and 

the non-dimensional wave height (H*) in Figure 6.14 and Figure 6.15. 

From the analysis of the two first graphs, where the RAO is represented versus the 

frequency, it can be outlined that: (i) both RAO values (RAOC and RAOP) generally tend 

to converge for higher wave heights (H ≥ 2.25 m) and diverges significantly for the 

smaller wave heights; (ii) RAOC generally converges to 1 for the lower frequencies for the 

two larger orifice diameters – i.e., a value of RAOC being equal to one means that the 

oscillation of the chamber’s free surface is in phase with the incident wave –, however, 

for the smaller orifice diameter the response for lower frequencies is wider and do not 

converge to 1, this may be because reducing the orifice diameter increases the damping 

on the system (see Section 6.3.3.3) making the oscillation of the free surface more rigid 

and makes it so more difficult for the free surface inside the OWC chamber to be in phase 

with the incident wave; (iii) RAOC increases when the frequency decreases and when the 

orifice diameter increases; (iv) RAOP presents the opposite behaviour to the one observed 

for RAOC, as RAOP generally increases when the frequency increases and the orifice 

diameter decreases, furthermore, RAOP also converges for larger frequency values; and 
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(v) it can be appreciated that the orifice with the best efficiency, or higher CWR, (as seen 

in Section 6.3.3.1) is the middle one which also reaches an agreement between the 

responses of both RAOs. 

The second sets of graphs have the purpose to better understand how the relationship 

between the two RAOs and the incident wave period and height is, from their analysis 

the following points can be outlined: (i) generally there is a clear relationship between 

both RAOs and the steepness parameter (S), with the exception of the smaller wave 

period for RAOP; (ii) the opposite behaviour between RAOC and RAOP is confirmed; (iii) 

RAOC  increases with the wave period and decreases when the wave height increases; (iv) 

RAOP  increases with the wave height and decreases when the wave period increases; and 

(v) RAOC increases when the orifice diameter increases and RAOP decreases 

It can be concluded that the middle size orifice (41 mm) is the one that couples both 

responses. This orifice also happens to be the one with the best performance in power 

output and in CWR. The optimum performance of the OWC chamber can be expected for 

a turbine that matches a compromise between the chamber’s pressure and the free 

surface oscillation responses. 
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Figure 6.12: RAO for the water level inside the OWC chamber (RAOC) versus the wave frequency (f) and the 
different wave heights for the three different orifice diameters 30 mm, 44 mm and 51 mm (data correspond to 

Series A and Series B; dimensions are at prototype scale). 
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Figure 6.13: RAO for the pneumatic pressure inside the OWC chamber (RAOP) versus the wave frequency (f) and 
the different wave heights for the three different orifice diameters 30 mm, 44 mm and 51 mm (data correspond to 

Series A and Series B; dimensions are at prototype scale). 
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Figure 6.14: RAO for the water level inside the OWC chamber (RAOC) versus: (a) the steepness parameter (S) at the 
top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented 

for the three different orifice diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at the right-hand 
side (data correspond to Series A and Series B). 
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Figure 6.15: RAO for the pneumatic pressure inside the OWC chamber (RAOP) versus: (a) the steepness parameter 
(S) at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are 

represented for the three different orifice diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at 
the right-hand side (data correspond to Series A and Series B). 
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6.3.3.3. Influence of the damping on the OWC performance 

The next parameter to consider is the influence of the turbine damping on the OWC 

performance. To proceed with this, the non-dimensional damping coefficient (B*) is 

determined for each orifice diameter (30 mm, 44 mm and 51 mm), as described in 

Section 6.2.6. First, the differential air pressure data are plotted versus the volumetric 

air flow rate, and then fitted to a vertical parabola centred in the origin (Figure 6.16). 

Once the parabola is known for each test, the non-dimensional damping is determined 

from the damping parameter (K), obtained for the inhalation and the exhalation 

parabolas and then averaged. 

𝐾 =
√∆𝑝

𝑞
 (6.43) 

Them B* is determined directly from the mean value of K by combining 

Equation (6.30) and Equation (6.43). Table D.9 and Table D.10 at Appendix D presents 

the values of B* for both series determined for the exhalation and the inhalation cycles 

and the mean of both cycles. These data are presented for both Series A and Series B and 

the three orifice diameters. From the analysis of these data some representative values 

of damping are fixed for each one of the orifices diameters, being: 209.49 for the 30 mm, 

107.530 for the 44 mm and 76.502 for the 51 mm one. 

 

 
Figure 6.16: Fitted parabola for the inhalation, exhalation and mean values of the OWC chamber’s instantaneous 

differential pneumatic pressure (Δp) versus the pneumatic flow rate (q) and the points for both processes (data 
correspond to test number 4413 at Series A; dimensions are at model scale). 
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Figure 6.17: Variation of the capture width ratio (CWR) with the non-dimensional wave period (T*) and different 

values of the damping coefficient (B*) for the nine non-dimensional wave heights (H*) tested for regular waves (the 
data correspond to Series A and Series B). 

 
Once the damping coefficient was determined for each one of the orifices, its 

influence on the OWC performance was analysed. The capture width is presented in 

Figure 6.17 in terms of the non-dimensional wave period (T*) and the damping coefficient 

(B*) for each one the non-dimensional wave heights (H*). From the analysis of these plots 

it can be concluded that the damping coefficient is of high importance for the overall 

performance of the OWC (i.e., the turbine chamber coupling). In fact, a proper selection 

of the turbine (damping) represents a variation of the capture width ratio of between 5 

and 15 points independently of the wave conditions. 
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The influence of the non-dimensional wave period and height are also relevant for 

the overall OWC performance. Thus, within the range of wave conditions tested, the 

higher values of the capture width ratio are achieved for smaller values of wave height 

H* = 0.031 (H = 0.75 m at prototype scale) and period T * = 25.900 (T = 8 s at prototype 

scale). Furthermore, the non-dimensional wave height and period, and the damping 

coefficient are clearly dependent: the smaller the non-dimensional wave height, the 

higher the value of the damping coefficient which maximises the capture width ratio, and 

vice versa, the smaller the non-dimensional wave period, the smaller the value of the 

damping coefficient that maximises the capture width ratio. The relation between the 

damping and the capture width ratio present a similar behaviour to those found by 

(López et al., 2014). 

6.3.4. Run-up and lip velocity 

There are two pending sets of data to be analysed, these are: the wave run-up at the 

front of the monopile and the frontal face of the OWC chamber, WG_06 and WG_08 

respectively; and finally, the water velocity data acquired at the chamber lip with the 

ADV. From these two, only the wave run-up will be analysed and the water velocity at the 

chamber’s lip is excluded, as it was found that the signal-to-noise ratio for the ADV data 

was too high to be able to obtain some accurate results. 

To study the wave run-up at the offshore wind turbine monopile and OWC chamber 

(Figure 6.18) two sensors were positioned at the front of the monopile and at the middle 

of one of the chamber’s frontal faces, WG_06 and WG_08 respectively, more details 

about them can be found in Section 5.5. For the wave conditions studied in this thesis, 

the values of the significant and maximum wave run-up coefficients, measured at the 

front of the monopile, are presented at Appendix D in Table D.11 and Table D.12. The 

equivalent run-up coefficients measured at the frontal face of the OWC chamber are 

presented in Table D.13 and Table D.14. Furthermore, the significant run-up coefficient 

is represented against the steepness parameter (S), kh and the non-dimensional wave 

height (H*) in Figure 6.19 and Figure 6.20; and the same in Figure 6.21 and Figure 6.22 
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for the maximum run-up coefficient. From the analysis of these tables and figures, the 

following trends can be outlined: 

The wave run-up coefficient presents slightly smaller values for the monopile than 

for the frontal face of the OWC chamber and between the significant and the maximum 

run-up coefficients there is no a considerable difference, as expected for regular waves. 

In addition, both coefficients, CS and Cmax, present the same response for the 

monopile and for the chamber frontal face, increasing when the wave height increases 

and decreasing when the wave period increases. The wave height is the parameter that 

affects more to the wave run-up. Furthermore, it seems like the data have a direct 

relationship with the steepness parameter (S), however, due to the existence of some 

outliers this is not conclusive and further research should be conducted. 

In conclusion, it can be outlined that the higher run-up values are found at the frontal 

face rather than in the monopile, this was expected as the second one is a vertical wall 

opposed to the incident waves and the first one just a vertical cylinder. It has been found 

that the run-up is mainly driven by the wave height. Finally, it was found that there is 

almost no difference between the significant and the maximum run-up coefficients as 

expected for regular waves. 

 
Figure 6.18: Frontal view of the experimental set-up at one of the maximum recorded run-up events for regular 

waves (the image corresponds to test 3025 from Series B). 
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Figure 6.19: Significant run-up coefficient (CS) at the front of the monopile versus: (a) the steepness parameter (S) at 
the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are 

represented for the three different orifice diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at 
the right-hand side (data correspond to Series A and Series B). 
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Figure 6.20: Significant run-up coefficient (CS) at the chamber’s frontal face versus: (a) the steepness parameter (S) 
at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are 

represented for the three different orifice diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at 
the right-hand side (data correspond to Series A and Series B). 
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Figure 6.21: Maximum run-up coefficient (Cmax) at the front of the monopile versus: (a) the steepness parameter (S) 
at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are 

represented for the three different orifice diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at 
the right-hand side (data correspond to Series A and Series B). 
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Figure 6.22: Maximum run-up coefficient (Cmax) at the chamber’s frontal face versus: (a) the steepness parameter (S) 
at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are 

represented for the three different orifice diameters 30 mm at the left-hand side, 44 mm at the centre and 51 mm at 
the right-hand side (data correspond to Series A and Series B). 
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6.3.5. Linear vs non-linear waves 

Finally, to conclude the regular waves section, data from the common wave height to 

the two regular waves series (Series A, linear waves, and Series B, non-linear waves) 

where compared in order to understand the effects of the non-linear waves. This section 

presents the results of comparing the main parameters of the hybrid device for both 

Series. The parameters so far have been the maximum to mean power coefficient (Χmax), 

the mean pneumatic power (Pm), the capture width ratio (CWR), the reflection, 

transmission and absorption coefficients (KR, KT and KA), the chamber’s free surface RAO 

(RAOC), the chamber’s air pressure RAO (RAOP), and the significant and maximum run-

up coefficient at the monopile and the chamber’s front (CS-Pile, CS-Face, Cmax-Pile and 

Cmax-Face). 

Data for each one of the parameters used for this comparison can be found at 

Appendix D from Table D.1 to Table D.14. The values of the correlation coefficient (R) 

and the Normalised Root Mean Square Error (NRME) from comparing the data from the 

two experimental series for the twelve parameters are shown in Table 6.2. Furthermore, 

the twelve parameters are also represented for the linear and the non-linear series versus 

kh6 from Figure 6.23 to Figure 6.28. 

The correlation coefficient (𝑅2) is calculated from Equation (6.44), where the values 

have already their mean values subtracted from them 

 

𝑅2 =

[
 
 
 

∑ (𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)𝑁
𝑖=1

√∑ (𝑥𝑖 − �̅�)2𝑁
𝑖=1 √∑ (𝑦𝑖 − �̅�)2𝑁

𝑖=1 ]
 
 
 
2

 (6.44) 

 

where 𝑥𝑖 and 𝑦𝑖 are the equivalent data points from the two different data sets, of length 

𝑁; and �̅� and �̅� are their respective arithmetic means. This coefficient gives an idea on 

how identical are the series compared, being 1 when both series are identical. 

                                                        
6 Note that in this section only kh has been considered to represent the performance of the twelve parameters 
for both linear and non-linear waves series, as only one wave height is considered between both series and 
kh has showed to be more representative than S so far. 
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The NRMSE is defined by 

𝑁𝑅𝑀𝑆𝐸 =
1

𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛

√
1

𝑁
∑(𝑥𝑖 − 𝑦𝑖)

2

𝑁

𝑖=1

 (6.45) 

 

where 𝑥𝑚𝑎𝑥 and 𝑥𝑚𝑖𝑛 are the maximum and the minimum values of the reference data 

set - e.g., the maximum and minimum values of the mean pneumatic pressure for 

Series A. 

 
Table 6.2: Correlation coefficient ( 𝑹𝟐 ) and the Normalised Root Mean Square Error (NRMSE) between the 
comparative wave height for linear waves (Series A) and non-linear waves (Series B) of the main characteristic 
parameters of the hybrid energy converter (Pm, CWR, KR, KT, KA, RAOC, RAOP, CS-Pile, CS-Face, Cmax-Pile and Cmax-
Face); all for the three orifices diameter (30 mm, 44 mm and 51 mm). 

Variable 
Ø30 mm Ø44 mm Ø51 mm 

𝑅2 NRMSE 𝑅2 NRMSE 𝑅2 NRMSE 

       
Χmax [-] 0.915 16.68% 0.338 34.68% 0.425 35.39% 

Pm [W] 0.924 15.79% 0.984 12.53% 0.996 10.40% 

CWR [-] 0.810 34.87% 0.991 10.07% 0.995 11.61% 

KR [-] 0.993 2.72% 0.996 2.07% 0.997 1.80% 

KT [-] 0.993 2.70% 0.999 3.45% 0.997 1.79% 

KA [-] 0.992 3.43% 0.996 2.78% 0.995 2.52% 

RAOC [-] 0.991 3.96% 0.995 2.29% 0.982 5.71% 

RAOP [-] 0.974 5.34% 0.996 2.44% 0.997 2.26% 

CS-Pile [-] 0.563 35.31% 0.570 23.51% 0.305 41.83% 

CS-Face [-] 0.725 23.04% 0.836 13.96% 0.928 11.85% 

Cmax-Pile [-] 0.573 17.40% 0.845 11.92% 0.468 31.75% 

Cmax-Face [-] 0.835 14.25% 0.916 10.63% 0.927 13.41% 

       
 

From the analysis of these tables and figures, the following trends can be outlined: 

First, from the analysis of the data from Table 6.2 can be observed that there are some 

parameters that in general are well correlated and with smaller error values - i.e., the 

transmission, reflection and absorption confidents and the two RAOs present values of 

𝑅2 higher than 0.99 and NRMSE lower than 5.7%. However, there are other parameters 

with lower 𝑅2 or higher NRMSE values – i.e., Pm and CWR present values of 𝑅2 that 

generally are above 0.9, however, the NRMSE are generally higher than 15%. The fact 

that the linear and non-linear series for Pm and CWR are generally well correlated but 
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with higher error values may be an indication that one of the two series is over-

predicting. This has a special importance for Pm and CWR, two fundamental indicators 

of the performance of a WEC. 

 
Figure 6.23: Maximum to mean power coefficient (Χmax) for Series A – linear waves (top graph) and Series B -non-

linear waves (bottom graph) versus kh for each one of the three different orifice diameters 30 mm, 44 mm and 51 mm 
(data corresponds to the overlapping wave height between Series A and Series B, H = 1.75 m). 

Figure 6.23 presents the same behaviour for both series increasing when the wave 

period decreases and when the orifice diameter increases. It can be appreciated that 

higher values of Χmax are found for the non-linear waves series (Series B) than for the 

linear waves one (Series A). Furthermore, some scatter is appreciated on the linear waves 

series, especially for lower values of kh and for the middle and the larger orifice 

diameters. 
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Figure 6.24: Reflection (left), transmission (centre) and absorption (right) coefficients (KR, KT and KA) for Series A – 
linear waves (top graph) and Series B -non-linear waves (bottom graph) versus kh for each one of the three different 
orifice diameters 30 mm, 44 mm and 51 mm (data corresponds to the overlapping wave height between Series A and 

Series B, H = 1.75 m). 
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The reflection, transmission and absorption coefficients (KR, KT and KA) present 

completely identical behaviours between the linear and the non-linear series - in both, 

response against kh and the magnitude of the data.  Furthermore, from Figure 6.24 it 

can be seen that: (i) KR decreases when the wave period and the orifice diameter increase; 

(ii) KT increases when the wave period increases and the orifice diameter has almost a 

null effect on it; and (iii) KA increases when the wave period increases and it also 

increases generally when the orifice diameter increases. 

 

 
Figure 6.25: Mean pneumatic pressure (Pm) (top) and Capture Width Ratio (CWR) (bottom) for Series A – linear 

waves (left) - and Series B -non-linear waves (right) - versus kh for each one of the three different orifice diameters 
30 mm, 44 mm and 51 mm (data corresponds to the overlapping wave height between Series A and Series B, 

H = 1.75 m). 

Figure 6.25-top (Pm) presents the same behaviour for both series – i.e., presents a 

maximum for medium period values and decreases for higher and lower period values. 

The middle orifice diameter (41 mm) is the one presenting the higher mean power 

output, followed by the larger one and being the small one (30 mm) the one with the 

lower power output. Although the small orifice has the lower power output it performs 

better for higher periods. In addition, higher values of Pm are found for the linear waves 

series (Series A) than for the non-linear waves one (Series B). 
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The CWR (Figure 6.25-bottom), as for Χmax and Pm, presents the same behaviour for 

both series – i.e., presents a maximum for medium period values and decreases for 

higher and lower period values. The middle orifice diameter (41 mm) is the one 

presenting the higher performance, followed by the larger one and being the smaller one 

(30 mm) the one with the lower efficiency values. Furthermore, it can be appreciated, as 

for the other two parameters, that the linear waves series (Series A) presents a slightly 

better performance than the non-linear waves series (Series B). 

 
Figure 6.26: Chamber’s free surface RAO (RAOC) (top) and Pneumatic pressure RAO (RAOP) (bottom) for Series A 

– linear waves (left) - and Series B -non-linear waves (right) - versus kh for each one of the three different orifice 
diameters 30 mm, 44 mm and 51 mm (data corresponds to the overlapping wave height between Series A and 

Series B, H = 1.75 m). 

 

The OWC chamber’s free surface and pneumatic pressure RAOs (RAOC and RAOP), 

as well as the reflection, transmission and absorption coefficients, present completely 

identical behaviours between the linear and the non-linear series - in both, response 

against kh and magnitude of the data. Furthermore, from Figure 6.26 can be seen that: 

(i) RAOC increases when the wave period and the orifice diameter increase; (ii) RAOC 

converges to 1 for the middle and the large orifices for larger wave periods; (iii) RAOP 

presents a maximum for intermedium wave periods decreasing for larger and lower 

values of the wave period; and (iv) RAOP decreases when the orifice diameter increases. 
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Figure 6.27: Significant run-up coefficient (CS) at the monopile (top) and at the chamber´s frontal face (bottom) for 

Series A – linear waves (left) and Series B -non-linear waves (right) versus kh for each one of the three different 
orifice diameters 30 mm, 44 mm and 51 mm (data corresponds to the overlapping wave height between Series A and 

Series B, H = 1.75 m). 

 

 

 
Figure 6.28: Maximum run-up coefficient (Cmax) at the monopile (top) and at the chamber´s frontal face (bottom) for 

Series A – linear waves (left) and Series B -non-linear waves (right) versus kh for each one of the three different 
orifice diameters 30 mm, 44 mm and 51 mm (data corresponds to the overlapping wave height between Series A and 

Series B, H = 1.75 m). 

 

Finally, the significant and maximum run-up coefficients at both - the monopile and 

the chamber’s frontal face (CS-Pile, CS-Face, Cmax-Pile and Cmax-Face) - present in general 
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an identical behaviour for both linear and non-linear waves series. Furthermore, from 

the graphs (Figure 6.27 and Figure 6.28), the following points can be appreciated: (i) the 

four coefficients decrease when the wave period increases; (ii) the influence of the orifice 

diameter is in general null, except for some small differences; and (iii) there is no 

difference between the range of the maximum run-up coefficients and the significant 

ones, as expected for regular waves. 

In summary, it can be concluded that the tests studied under linear waves (Series A) 

over predict the mean pneumatic power (Pm) and the capture width ratio (CWR) in 

comparison with the tests studied under non-linear waves (Series B). Series A (linear 

waves) underpredics also the maximum to mean power coefficient (Χmax). 

Notwithstanding, for the other fundamental parameters (RAOC, RAOP, KR, KT, KA, CS-

Pile, CS-Face, Cmax-Pile and Cmax-Face) there is not a significant difference between both 

series, generally. These conclusions are restricted to the tests studied in this thesis 

comparing Series A and Series B at a fix wave height. In order to extend these conclusions 

to other WEC prototypes further research testing a wider overlapping area should be 

performed. 

6.4. Experimental results II: Irregular waves 

6.4.1. Overview 

In contrast with the regular waves analysis, whose objective is to acquire knowledge 

of how the WEC performs under some certain fixed conditions and to extrapolate this 

knowledge to other possible scenarios. The irregular waves analysis has as its main 

objective to understand how the WEC would perform under real see conditions. 

This section presents the results of the physical modelling experimental campaign for 

irregular waves. For this thesis, this means the results from three different experimental 

series (Series C, Series D and Series E). The first Series goes through a standard analysis 

of the experimental results for irregular waves for a JONSWAP spectrum (Section 6.4.2). 

Series D, studies the influence of the spectral shape on the model, by testing some of the 

sea states form Series C for a Pierson-Moskowitz (PM) spectrum (Section 6.4.3). Finally, 
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Series E looks at the wave period influence on the model by varying the peak wave period 

for a fixed wave height and a JONSWAP spectrum (Section 6.4.4). 

6.4.2. Irregular waves analysis (JONSWAP spectrum) 

This section tackles the necessary analysis of the hybrid energy converter under some 

characteristic real sea conditions to assess how it performs. To proceed with such 

analysis this subsection takes some representative see states from the selected site, as 

seen in Section 5.8.2. Based on the selected wave conditions a similar study to the one 

performed for regular waves is done now for irregular waves, covering six main aspects: 

(i) the power extraction; (ii) the incident and reflected wave analysis; (iii) the OWC 

performance; (iv) the Linear Response Spectrum; (v) the influence of the damping for 

irregular waves; and (vi) the irregular waves run-up. 

6.4.2.1. Irregular waves power extraction 

The pneumatic power output for irregular waves is determined in the same way as for 

regular waves, based on the recorded data of the chamber’s differential air pressure and 

the volumetric air flow rate calculated from the chamber’s free surface oscillation. Figure 

6.29 shows an example of the instantaneous pneumatic power output for one of the tests, 

and Figure 6.30 does the same for the energy output from the three UWL sensors and 

their mean. Figure 6.29 shows an instantaneous power output signal which does not 

seem as the expected one for an irregular sea state. The reason for this is due to the lower 

number of frequency components considered when defining Series C, and the technique 

used to define the free surface elevation time series used as input for the wavemaker (see 

Section 5.6 and Section 5.8.2 for more details). 

Table D.15 at Appendix D presents the mean pneumatic power (Pm), the maximum 

pneumatic power (Pmax) and the maximum to mean power coefficient (χmax) for Series C, 

Series D and Series E; and the three orifice diameters (30 mm, 44 mm and 51 mm) – 

note that for the purposes of this section, only data from Series C are considered here 

and data from the other two series are considered later at their respective sections. From 

the interpretation of the data the following points can be drawn: 
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Figure 6.29: Instantaneous and average OWC pneumatic power (the signals correspond to the test number 4407 at 
Series C); dimensions are at model scale. 

 

 

Figure 6.30: Energy determined from the three UWL signals and the average of the two lateral ones (the signals 
correspond to the test number 4407 at Series C; dimensions are at model scale). 

 

The mean pneumatic power (𝑃𝑚) ranges from 0.142 W to 1.592 W (46.013 kW to 

514.144 kW at prototype scale) with a mean value of 0.694 W, 0.812 W and 0.736 W for 

the three orifice diameters 30 mm, 44 mm and 51 mm respectively (223.985 kW, 

262.305 kW and 237.586 kW at prototype scale). These data clearly indicate that, as for 

regular waves, the orifice diameter with the biggest mean power output is the middle one 

(44 mm).  
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Figure 6.31: Maximum to mean power coefficient χmax versus: (a) the significant steepness (SS) at the top graph; (b) 
kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the three 

different orifice diameters 30 mm, 44 mm and 51 mm (data correspond to Series C). 

In addition, the maximum pneumatic power output (𝑃𝑚𝑎𝑥)  ranges from 1.461 W to 

21.958 W (471 MW to 7.091 MW at prototype scale) with a mean value of 7.895 W, 

10.871 W and 11.432 W for the three orifice diameters 30 mm, 44 mm and 51 mm 

respectively (2.550 MW, 3.511 MW and 3.642 MW at prototype scale). In this case the 

maximum values of the instantaneous pneumatic power output are found for the larger 

orifice diameter (51 mm).  

Furthermore, from the analysis of the maximum to mean power coefficient (χmax) 

represented in Figure 6.31 against the significant steepness (SS), kh and the non-

dimensional wave height (H*) the following trends can be outlined: (i) χmax ranges from 
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7,792 to 25,390 with a mean value of 11,302, 13,473 and 15,800 for the three orifice 

diameters 30 mm, 44 mm and 51 mm respectively; (ii) in average, the difference between 

the mean and the maximum pneumatic power outputs is now in the order of 13 times 

bigger for the maximum power, reaching maximum values of up to 25 times bigger; (iii) 

for irregular waves χmax present values 3.6 times bigger, in average, than for regular 

waves; (iv) χmax decreases when the orifice diameters increases being the larger orifice 

four times bigger than the smaller one; and (v) from the analysis of the graph it can be 

seen that there is not a clear trend apart from the influence of the orifice diameter and 

that it seems to be a peak, however, this peak could be and outlier and more research is 

needed in order to have a clear vision on the influence of the wave height, the period and 

the wave steepness over χmax. 

In summary, it can be concluded that the pneumatic power output for irregular waves 

follows similar patterns as for regular waves, with the difference that this time the mean 

values of the mean pneumatic power are smaller - i.e., the mean power output for regular 

waves ranges 256.380 kW < Pm < 304.547 kW while now for irregular waves this ranges 

223.985 kW < Pm < 262.305 kW being both rat prototype scale. Furthermore, the 

maximum to mean power coefficient (χmax) has been analysed, observing that, in mean, 

the maximum power is 13 times larger than the mean power, reaching peaks where the 

maximum power is of up to 25 times larger. 

6.4.2.2. Incident and Reflected Wave Analysis (IRWA) 

Like for regular waves the method proposed by (Baquerizo et al., 1997) has been used 

to perform the IRWA for irregular waves, including some small changes to adapt it to 

irregular waves, as defined in Section 6.2.4. As result of this analysis the reconstructed 

incident and reflected free surface elevation time series (𝜂𝑖𝑤  and 𝜂𝑡𝑤 respectively) are 

obtained. Once done this, the significant incident, reflected and transmitted wave 

heights; and the respective reflection, transmission and absorption coefficients (KR, KT 

and KA) are calculated. Figure 6.32 shows an example of the three sensors (WG_02, 

WG_03 and WG_04) recorded free surface elevation for one of the tests; the 

reconstructed incident, and reflected waves; and the transmitted wave. 
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Figure 6.32: Incident, reflected and transmitted waves resulting from the IRWA with the recorded wave at three in-
line sensors WG_02, WG_03 and WG_04 for same test (the data correspond to test number 3006 at Series C; 

dimensions are at model scale). 

Table D.16 at Appendix D, presents the reflection, transmission and absorption 

coefficients (KR, KT and KA) for Series C, Series D and Series E. For Series C KR ranges 

from 0.407 to 0.708, KT from 0.169 to 0.246 and KA from 0.686 to 0.880. The mean 

values of KR are 0.536, 0.486 and 0.459 for the three orifice diameters (30 mm, 44 mm 

and 51 mm); 0.218, 0.222 and 0.228 for KT; and 0.810, 0.841, 0.855 for KA respectively. 

Figure 6.33 represents the three coefficients versus the significant steepness (SS), kh and 

the non-dimensional wave height (H*). From the interpretation of the data from the 

tables and the figures, the following trends can be outlined: 

First, the reflection coefficient (KR), as for regular waves, is driven mainly by the wave 

period, decreasing KR when the wave period increases; however, unlike with irregular 

waves KR generally keeps more or less constant with the wave height, except for the two 

lower wave heights when this increases. Furthermore, KR increases slightly when the 

orifice diameter decreases, as for regular waves. 

Secondly, the transmission coefficient (KT) presents a quite uniform response for all 

irregular sea states from Series C. KR increases slightly when the wave period increases, 

and keeps generally constant with the wave height, with the exception that shows a 

minimum reduction for the two sea states with the smaller wave periods and heights. 

Furthermore, as for regular waves KR is not affected by the orifice diameter. 
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Figure 6.33: Reflection (left), transmission (centre) and absorption (right) coefficients (KR, KT and KA) versus: (a) the 
significant steepness (SS) at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the 
bottom. Graphs are represented for the three different orifice diameters 30 mm, 44 mm and 51 mm (data correspond 

to Series C). 
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Finally, the absorption or loses coefficient (KA) is mainly driven by the wave period, 

as for regular waves. KA increases when both the wave period and the wave height 

increase, as for KR and KT this is more accentuated for the two sea states with the smaller 

wave periods and heights. The orifice diameter presents a reduced effect, increasing KA 

when the orifice diameter increases. 

In conclusion, it has been found that for irregular waves, the hybrid energy converter 

presents a relatively high reflection – i.e., about the 50-60% of the incident wave is 

reflected – being the values of KR found relatively high for a WEC, however, similar 

results were already expected for this specific configuration, as commented previously 

for regular waves (see section 6.3.2.3). 

6.4.2.3. OWC performance in irregular waves 

To assess the performance of the hybrid energy converter for irregular waves, two are 

the main parameters to consider: (i) the mean pneumatic power output (Pm) and (ii) the 

Capture Width Ratio (CWR). Data for these two parameters can be found at Appendix D 

in Table D.17 - note that data from the mean power in the table are show at model scale. 

Figure 6.34 represents the values of Pm and CWR for all the seven sea states studied at 

this Series C versus the Significant Steepness (SS), kh and the non-dimensional wave 

height (H*) respectively. 

From the analysis of the data on the tables and the two figures, the following points 

can be drawn: (i) the maximum values of Pm are smaller than for regular waves – i.e., for 

regular waves Pm ranges from 3.9 kW to 1101.8 kW at prototype scale where for irregular 

does it from 46.0 kW to 514.1 kW; (ii) values of CWR are similar to the ones seen for 

regular waves; (iii) the orifice diameter has a smaller influence than for regular waves 

being now the performance of the smaller office considerably better; (iv) the middle 

orifice size (44 mm) is the one with the better values of Pm and CWR and the small orifice 

(30 mm) the one with the lower values; (v) when the wave period increases Pm increases 

and CWR decreases; and (vi) when the wave height increases Pm increases and CWR 

decreases. 
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In sum, the hybrid energy converter has a more stable performance for irregular 

rather than for regular waves, however, in mean values the performance is smaller than 

the observed for regular waves. The power output of the hybrid device for irregular waves 

increases with both the wave height and period, and the capture width ratio increases 

when both the wave period and the wave height decrease. 

 

 
Figure 6.34: Mean pneumatic power output (Pm) (left) and Capture width ratio (CWR) (right) versus: (a) the 

significant steepness (SS) at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the 
bottom. Graphs are represented for the three different orifice diameters 30 mm, 44 mm and 51 mm (data correspond 

to Series C). 
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6.4.2.4. Response Amplitude Operator (RAO)  

The Response Amplitude Operator (RAO) for irregular waves is determined as the 

ratio between the energy spectrum of the measured response and the energy spectrum 

of the incident wave, giving as result a spectral RAO (Section 6.2.5). Figure 6.35,  

Figure 6.36 and Figure 6.37 shows the recorded response spectrum, the incident wave 

spectrum and the RAO for the chamber’s free surface oscillation (RAOC) and the 

pneumatic pressure (RAOP). Furthermore, Table D.18 and Table D.19 at Appendix D 

presents their main statistical parameters. From the analysis of the graphs and the data 

from the tables, the following points are outlined: 

First, RAOs for the chamber’s free surface motion and pneumatic pressure have 

opposite behaviours, as when the orifice diameter increases: (i) the free surface 

oscillation increases and so it does the mean value of RAOC; and (ii) the pneumatic 

pressure decreases and so it does the mean value of RAOP. 

Secondly, RAOC generally converge to 1 for lower frequencies, diverge for higher 

frequencies and generally presents a maximum peak around 0.33 Hz (TP = 18.6 s at 

prototype scale) with the exception of the two sea states with the smaller wave periods 

and heights. Furthermore, RAOC reduces its value when the frequency increases going to 

zero for higher frequency values. 

Finally, RAOP values generally converge for larger frequencies and diverge for lower 

frequencies, ranging its average between 0.4 and 0.6. RAOP generally trends to keep a 

flat response for all frequency values except for a peak around 0.33 Hz as for RAOC. 

Furthermore, RAOP is also affected by the wave frequency by reducing its value for higher 

frequencies; however, the effects of the frequency are much smaller than the ones 

observed for RAOC. 
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Figure 6.35: Response and incident wave spectra and Response Amplitude Operator (RAO) for both the OWC 

chamber’s free surface oscillation (left hand side) and the pneumatic pressure (right hand side), versus the incident 
wave frequency. Graphs are represented for the smaller orifice diameter 30 mm (data correspond to Series C and 

dimensions are at model scale). 
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Figure 6.36: Response and incident wave spectra and Response Amplitude Operator (RAO) for both the OWC 

chamber’s free surface oscillation (left hand side) and the pneumatic pressure (right hand side), versus the incident 
wave frequency. Graphs are represented for the intermedium orifice diameter 44 mm (data correspond to Series C 

and dimensions are at model scale). 
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Figure 6.37: Response and incident wave spectra and Response Amplitude Operator (RAO) for both the OWC 

chamber’s free surface oscillation (left hand side) and the pneumatic pressure (right hand side), versus the incident 
wave frequency. Graphs are represented for the larger orifice diameter 51 mm (data correspond to Series C and 

dimensions are at model scale). 
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In conclusion, it can be noted that there is a similar technique to determine the 

response of the hybrid system for irregular waves, the irregular waves RAO, which brings 

similar results to the ones obtained with the RAO for regular waves. Being the response 

of the pneumatic pressure opposed to the response of the chamber’s free surface 

oscillation, and the middle orifice size (44 mm) the one showing the best performance. 

Furthermore, it has also been observed that for lower frequencies RAOC tend to converge 

to one, meaning that the chamber’s free surface oscillation is in phase with the incident 

wave, as for higher frequencies, where RAOC tends to converge to zero. 

6.4.2.5. Influence of the damping for irregular waves 

This subsection tackles the influence of the turbine damping over the performance of 

the OWC chamber for irregular waves, following the same procedure as for regular waves 

(Section 6.3.3.3). Figure 6.38 shows an example where the experimental values are fitted 

with a parabola centred in the origin. From the fitted parabola, the non-dimensional 

damping coefficients are obtained (Table D.20 at Appendix D), being these in the same 

range of the ones found for regular waves. 

 

 
Figure 6.38: Fitted parabola for the inhalation, exhalation and mean values of the OWC chamber’s instantaneous 

differential pneumatic pressure (Δp) versus the pneumatic flow rate (q) and the points for both processes (data 
correspond to test number 3004 at Series C; dimensions are at model scale). 
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As for regular waves, it was found that the turbine damping it is crucial for the overall 

performance of the hybrid system, and this is also dependent of the non-dimensional 

wave height and period. This can be appreciated in Figure 6.39 and Figure 6.40, showing 

the first of them the variation of the CWR with the damping coefficient and the non-

dimensional period and the second the same for the non-dimensional wave height. Both 

figures present a similar response, with a small difference for high wave periods and 

heights. In addition, it has also been found that the higher values of the capture width 

are found for lower values of the non-dimensional wave height and period. 

 

 
Figure 6.39: Variation of the capture width ratio (CWR) with the non-dimensional wave period (T*) and different 

values of the damping coefficient (B*) (the data correspond to Series C). 

 

 
Figure 6.40: Variation of the capture width ratio (CWR) with the non-dimensional wave height (H*) and different 

values of the damping coefficient (B*) (the data correspond to Series C). 
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In summary, as for regular waves, the damping coefficient that maximises the capture 

width ratio of the hybrid device presents a maximum for lower non-dimensional wave 

heights and periods. However, due to the limited number of sea states tested for irregular 

waves there are not enough data to perform a complete analysis, similar to the one done 

for regular waves. Further research should be conducted in order to include more orifice 

diameters sizes and sea states to increase the resolution of the matrices and so get to a 

better understanding of this phenomena. 

6.4.2.6. Irregular waves run-up 

To conclude this analysis for an irregular JONSWAP spectrum a run-up study at the 

front of the monopile and the OWC chamber’s frontal face has been conducted  

(Figure 6.41). This study has been carried out following the same methodology as for 

regular waves and values of the significant and maximum run-up coefficients (CS and 

Cmax) can be found at Appendix D in Table D.21 for the monopile and in Table D.22 for 

the OWC chamber’s frontal face. Both tables present the data for the three orifice 

diameters and Series C, Series D and Series E. In addition to these data, CS and Cmax have 

been represented versus the significant steepness (SS), kh and the non-dimensional wave 

height (H*) in Figure 6.42 and Figure 6.43. From the analysis of these graphs and the 

data from the tables, the following conclusions can be drawn: 

 
Figure 6.41: Frontal view of the experimental set-up at the maximum recorded run-up event for irregular waves (the 

image corresponds to test 4406 from Series C). 
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Figure 6.42: Significant run-up coefficient (CS) at the front of the monopile (left) and at the chamber’s frontal face 

(right) versus: (a) the significant steepness (SS) at the top graph; (b) kh at the middle; and (c) the non-dimensional 
wave height (H*) at the bottom. Graphs are represented for the three different orifice diameters 30 mm, 44 mm and 

51 mm (data correspond to Series C). 

 

First, CS has a constant response for all the three orifice diameters and the two 

locations (monopile and chamber’s frontal face); and generally, does not seem to be 

influenced by the wave period and only at a small extent by the wave height, increasing 

slightly CS when the wave height increases. Secondly Cmax is more variable than the CS, 

increasing this when both the wave height and the period increase at both locations (the 
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monopile and the chamber’s frontal face). Thirdly, values of the maximum run-up 

coefficient are between 1.7 and 2.5 times bigger than the ones of the significant one. 

Fourthly, the run-up is slightly smaller at the monopile than at the OWC chamber’s 

frontal face. Finally, generally the orifice diameter does not influence neither for CS or 

Cmax. 

 
Figure 6.43: Maximum run-up coefficient (Cmax) at the front of the monopile (left) and at the chamber’s frontal face 

(right) versus: (a) the significant steepness (SS) at the top graph; (b) kh at the middle; and (c) the non-dimensional 
wave height (H*) at the bottom. Graphs are represented for the three different orifice diameters 30 mm, 44 mm and 

51 mm (data correspond to Series C). 
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In sum, it can be concluded that the run-up phenomena observed at the irregular 

waves analysis is similar to the one for regular waves (Section 6.3.4 ) when looked at the 

significant run-up coefficient. Nevertheless, when the maximum run-up coefficient is 

analysed, much larger extremal values are found and a direct dependency with the wave 

height and the wave period is observed – e.g., values of 1.9 times the incident wave have 

been found at the frontal wall of the OWC chamber. 

6.4.3. Spectral shape analysis (PM spectrum) 

The next step to evaluate the performance of the hybrid energy converter under 

irregular waves is to study the influence of the spectral shape. Understanding how the 

hybrid energy converter performs for a different spectral shape is fundamental to know 

how well the device would perform in a different geographical area. To perform this 

study, a new experimental Series D, where four out of the seven sea states tested in 

Series C, are tested now for a Pierson-Moskowitz (PM) spectrum. 

To perform the spectral shape analysis the nine fundamental parameters analysed 

previously (χmax, CWR, KR, KT, KA, RAOC, RAOP, CS and Cmax) plus the mean and the 

maximum pneumatic power outputs (Pm and Pmax) were studied. These were analysed by 

comparing the same four sea states for a JONSWAP and a PM spectrum respectively. 

Data from Series D and Series C can be found from Table D.15 to Table D.22 at 

Appendix D. Data from these tests have been also compared graphically from Figure 6.44 

to Figure 6.56. From the analysis of these tables and figures, the following trends can be 

outlined: 

First, the maximum to mean power coefficient (χmax), represented in Figure 6.44, 

presents the same behaviour for both spectral shapes, being the small orifice diameter 

(30 mm) the one with the lower values of χmax and being the larger orifice (51 mm) the 

one with the larger values of χmax, as seen in the previous section. Both spectra show 

similar responses of χmax with the wave height and period. Notwithstanding, the only 

significant variation between both is a peak appreciable at the JOSNWAP spectrum; 

however, this peak seems to be due to some outlier data, as mentioned before. 
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Figure 6.44: Maximum to mean power coefficient (χmax) versus: (a) the significant steepness (SS) at the top graph; (b) 

kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the two 
different spectral shapes: JONSWAP at the left-hand side and Pierson-Moskowitz at the right-hand side (data 

correspond to Series C and Series D). 

 

Figure 6.45, Figure 6.46 and Figure 6.47 show the variation of the reflection, 

transmission and absorption coefficients (KR, KT and KA) for the two different spectra. 

From their analysis, it can be observed that the spectral shape does not have influence 

on the reflection, the transmission and neither on the absorption coefficients. Both series 

present identical responses, confirming that the main parameter influencing the 

reflection, the transmission and the absorption is the wave period and that the orifice 

diameter does has a small effect on KR and KA but almost null on KT. 
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Figure 6.45: Reflection coefficient (KR) versus: (a) the significant steepness (SS) at the top graph; (b) kh at the 

middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the two different 
spectral shapes: JONSWAP at the left-hand side and Pierson-Moskowitz at the right-hand side (data correspond to 

Series C and Series D). 
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Figure 6.46: Transmission coefficient (KT) versus: (a) the significant steepness (SS) at the top graph; (b) kh at the 
middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the two different 

spectral shapes: JONSWAP at the left-hand side and Pierson-Moskowitz at the right-hand side (data correspond to 
Series C and Series D). 
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Figure 6.47: Absorption coefficient (KA) versus: (a) the significant steepness (SS) at the top graph; (b) kh at the 

middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the two different 
spectral shapes: JONSWAP at the left-hand side and Pierson-Moskowitz at the right-hand side (data correspond to 

Series C and Series D). 

 

The mean pneumatic power (Pm) is represented in Figure 6.48. From its analysis, can 

be observed that the JONSWAP spectrum presents slightly higher values of pneumatic 

power output, but the same behaviour respect the wave period, the wave height or the 

orifice diameter. Thus, Pm increases for both spectra when both the wave height and the 

wave period increase. Furthermore, Pm presents the better power output for the middle 

size orifice (44 mm) and the poorest one for the small size orifice (30 mm). 
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Figure 6.48: Mean pneumatic pressure (Pm) versus: (a) the significant steepness (SS) at the top graph; (b) kh at the 
middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the two different 

spectral shapes: JONSWAP at the left-hand side and Pierson-Moskowitz at the right-hand side (data correspond to 
Series C and Series D). 

 

Figure 6.49, shows the evolution of the Capture Width Ratio (CWR). This graph 

shows that the performance of the hybrid device under a PM spectrum is slightly better. 

Furthermore, the same behaviour respect the wave period, the wave height or the orifice 

diameter is observed for both spectral shapes. Thus, CWR increases for both spectra 

when both the wave height and the wave period decrease. Furthermore, CWR presents 

the better performance for the middle size orifice (44 mm) and the poorest one for the 

small size orifice (30 mm), as for the power output 
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Figure 6.49: Capture width ratio (CWR) versus: (a) the significant steepness (SS) at the top graph; (b) kh at the 

middle; and (c) the non-dimensional wave height (H*) at the bottom. Graphs are represented for the two different 
spectral shapes: JONSWAP at the left-hand side and Pierson-Moskowitz at the right-hand side (data correspond to 

Series C and Series D). 

Figure 6.50, Figure 6.51 and Figure 6.52 present the recorded response spectrum, the 

incident wave spectrum and the RAO for both, the OWC chamber’s free surface 

oscillation (RAOC) and the pneumatic pressure (RAOP). From the analysis of the graphs 

the following points can be outlined: (i) the recorded response from chamber’s free 

surface and the pneumatic pressure are larger for the JONSWAP spectrum than for PM 

one; (ii) the energy of the incident wave spectrum is also smaller for PM; and (iii) values 

of RAOC and RAOP present the same responses for both spectra – i.e., both present peaks 

around 0.33 Hz and both are influenced by the orifice diameter, increasing RAOC and 

decreasing RAOP when the orifice increases. 
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Figure 6.50: Response and incident wave spectra and the Response Amplitude Operator (RAO) for both the OWC 

chamber’s free surface (left hand side) and the pneumatic pressure (right hand side), versus the incident wave 
frequency. Graphs are represented for the smaller orifice diameter 30 mm and both spectral shapes, Series C 

JONSWAP and Series D PM (data are at model scale). 



Evaluation of the WEC sub-system of a hybrid wind-wave energy converter 

- 238 - 

 
Figure 6.51: Response and incident wave spectra and the Response Amplitude Operator (RAO) for both the OWC 

chamber’s free surface (left hand side) and the pneumatic pressure (right hand side), versus the incident wave 
frequency. Graphs are represented for the intermedium orifice diameter 44 mm and both spectral shapes, Series C 

JONSWAP and Series D PM (data are at model scale). 
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Figure 6.52: Response and incident wave spectra and the Response Amplitude Operator (RAO) for both the OWC 

chamber’s free surface (left hand side) and the pneumatic pressure (right hand side), versus the incident wave 
frequency. Graphs are represented for the larger orifice diameter 51 mm and both spectral shapes, Series C 

JONSWAP and Series D PM (data are at model scale). 
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Figure 6.53 and Figure 6.54 evaluate this time the significant run-up coefficient (CS) 

at the monopile and the OWC chamber’s frontal face respectively. Figure 6.55 and  

Figure 6.56 do the same for the maximum run-up coefficient (Cmax). From their analysis, 

the following points can be outlined: (i) both spectral shapes present the same response 

for CS, being the values of CS close to one; (ii) Cmax present higher values for the PM 

spectrum but with a higher scatter also; and (iii) the orifice size seems to not have a clear 

effect on the run-up coefficient. 

 

 
Figure 6.53: Significant run-up coefficient (CS) for the water level at the monopile versus: (a) the significant 

steepness (SS) at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. 
Graphs are represented for the two different spectral shapes: JONSWAP at the left-hand side and Pierson-Moskowitz 

at the right-hand side (data correspond to Series C and Series D). 
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Figure 6.54: Significant run-up coefficient (CS) for the water level at the front of the OWC chamber’s versus: (a) the 
significant steepness (SS) at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the 
bottom. Graphs are represented for the two different spectral shapes: JONSWAP at the left-hand side and Pierson-

Moskowitz at the right-hand side (data correspond to Series C and Series D). 
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Figure 6.55: Maximum run-up coefficient (Cmax) for the water level at the monopile versus: (a) the significant 

steepness (SS) at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at the bottom. 
Graphs are represented for the two different spectral shapes: JONSWAP at the left-hand side and Pierson-Moskowitz 

at the right-hand side (data correspond to Series C and Series D). 
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Figure 6.56: Maximum run-up coefficient (Cmax) for the water level at the front of the OWC chamber’s versus: (a) 

the significant steepness (SS) at the top graph; (b) kh at the middle; and (c) the non-dimensional wave height (H*) at 
the bottom. Graphs are represented for the two different spectral shapes: JONSWAP at the left-hand side and Pierson-

Moskowitz at the right-hand side (data correspond to Series C and Series D). 

 

In sum, in this section was seen that changing the spectral shape does not have a 

significant effect on the performance of the hybrid energy converter, as the fundamental 

parameters analysed at this section present generally the same response for both 

JONSWAP and PM spectra. However, even though that all the parameters have the same 

response for both spectral shapes, two of them, the mean power output and the capture 

with ratio (Pm and CWR), present slightly better results for the JONSAWP spectrum. 
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6.4.4. Wave period influence (JONSWAP spectrum) 

The final step at this irregular waves section is to analyse the influence of the wave 

period over the performance of the hybrid energy converter, to do it, six sea states have 

been selected for a fix wave height (HS = 2.25 m at prototype scale) and six different peak 

wave periods (TP = 8.75 s, 9.92 s, 11.08 s, 12.25 s, 13.42 s and 14.00 s at prototype scale), 

all for a JONSAWP spectrum. 

The same nine parameters (χmax, CWR, KR, KT, KA, RAOC, RAOP, CS and Cmax) plus the 

mean and the maximum pneumatic power outputs (Pm and Pmax) were considered, to 

analyse the influence of the wave period in the performance of the hybrid energy 

converter. This analysis was carried out comparing data from the different wave periods. 

These data can be found in Table D.15 to Table D.22 at Appendix D. Furthermore, the 

parameters are also represented versus kh7 from Figure 6.57 to Figure 6.69. From the 

analysis of these tables and figures, the following trends can be outlined: 

 
Figure 6.57: Maximum to mean power coefficient (χmax) versus the significant steepness (SS) for Series E and the 

three orifice diameters (dimensions are at prototype scale). 

First, the maximum to mean power coefficient (χmax), is represented in Figure 6.57. 

From its analysis, the following points can be outlined: (i) χmax generally keeps constant 

for lower wave periods and increases when the wave period increases; (ii) χmax increases 

                                                        
7 Note that, as for the linear versus non-linear waves analysis carried out for regular waves, this section 
only kh has been considered to study the wave period influence on the twelve parameters. 
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when the orifice diameter increases; (iii) the effect of the orifice diameter over χmax gets 

accentuated when the wave period increases – i.e., on the one hand, for lower periods 

χmax trend to converge for the different orifices, on the other hand, χmax trend to diverge 

for larger periods for the different orifices -; (iv) comparing it with the regular waves, can 

be appreciated that both have opposite behaviors; and (v) comparing it with the other 

two irregular series, this time a clear dependence with the wave period is observed and 

the trend, already observed, for the orifice diameter is accentuated. 

Figure 6.58, Figure 6.59 and Figure 6.60 presents how the three coefficients from the 

IRWA (KR, KT and KA) vary with the frequency. From the analysis of these figures and the 

respective data from Table D.16 at Appendix D, the following conclusions can be 

outlined: (i) KR increases when both, the wave period and the orifice diameter decrease, 

ranging from 0.4 to almost 0.7; (ii) KT increases when the wave period increases and the 

orifice diameter generally does not have a relevant effect on it, it also ranges from 0.2 to 

almost 0.3; (iii) KA increases when the wave period and the orifice diameter increase, 

being the effects of the orifice size larger for lower periods and almost null for the larger 

ones; and (iv) the three coefficients (KR, KT and KA) present generally the same response 

against the wave period and the orifice diameter than for the other two irregular waves 

series and the two regular ones. 

 
Figure 6.58: Reflection coefficient (KR) versus the significant steepness (SS) for Series E and the three orifice 

diameters (dimensions are at prototype scale). 
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Figure 6.59: Transmission coefficient (KT) versus the significant steepness (SS) for Series E and the three orifice 

diameters (dimensions are at prototype scale). 

 
Figure 6.60: Absorption coefficient (KA) versus the significant steepness (SS) Series E and the three orifice diameters 

(dimensions are at prototype scale). 

The influence of the wave period over the mean pneumatic power (Pm) and the CWR 

is represented in Figure 6.61 and Figure 6.62 respectively. From their analysis, the 

following points can be made: (i) both figures are very similar to the ones represented 

for the linear versus non-linear regular waves (Figure 6.25), where, as for this case, a fix 

wave height was studied for a range of wave periods; (ii) Pm ranges from 96 kW to 176 kW 

and presents the best performance generally for the middle orifice diameter (44 mm); 

(iii) Pm generally increases slightly when the wave period increases, except for the small 

orifice which keep generally constant along the wave period; (iv) the CWR increases 
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when the wave period decreases for all the orifice diameters, ranging from 8.5% to 19.5%; 

(v) generally the middle orifice diameter (44 mm) is the one showing the better CWR, 

however, for higher wave periods the small orifice one (30 mm) increases its CRW over 

the other two orifice diameters (44 mm and 51 mm respectively); and (vi) from the 

comparison of both figures with the equivalent ones from the other irregular waves 

(Figure 6.34) series and the two regular ones (Figure 6.10 and Figure 6.11) it can be 

appreciated that Pm is highly dependent on the wave height and to a lesser extent on the 

wave period. 

 

 
Figure 6.61: Mean pneumatic pressure (Pm) versus the significant steepness (SS) Series E and the three orifice 

diameters (dimensions are at prototype scale). 

 

 
Figure 6.62: Capture width ratio coefficient (CWR) versus the significant steepness (SS) Series E and the three orifice 

diameters (dimensions are at prototype scale). 
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Figure 6.63, Figure 6.64 and Figure 6.65 present the recorded response spectrum, 

the incident wave spectrum and the RAO for both, the OWC chamber’s free surface 

oscillation (RAOC) and the pneumatic pressure (RAOP). From their analysis, the 

following points can be highlighted: (i) the two recorded responses of the hybrid device 

– i.e., the OWC chamber’s free surface oscillation and the pneumatic pressure – are 

affected by the wave period, increasing both with the period; (ii) as for the two previous 

irregular waves series and the other two regular ones, it can be appreciated that generally 

RAOC increases and RAOP decreases when the orifice diameter increases, as their 

respective responses do; (iii) both RAOs are generally more compact than for the regular 

waves ones from Series C, meaning that the wave period has in general a minor effect on 

both RAOs for frequencies higher than 0.4 Hz; (iv) generally RAOC trends to converge to 

1 for lower frequencies and goes slowly to zero for higher ones, as seen in previous 

sections; (v) generally RAOC trends to keep constant between 0.3 and 0.6; and (vi) there 

is not a predominant location for the maximum value of both RAOs – i.e., for previous 

sections this was generally located at a frequency around 0.33 Hz – being it now highly 

variable with the wave period. 
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Figure 6.63: Response spectrum and incident wave spectra and the Response Amplitude Operator (RAO) for both 
the OWC chamber’s free surface (left hand side) and the pneumatic pressure (right hand side), versus the incident 

wave frequency. Graphs are represented for the smaller orifice diameter 30 mm (data correspond to Series E and are 
at model scale). 
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Figure 6.64: Response spectrum and incident wave spectra and the Response Amplitude Operator (RAO) for both 
the OWC chamber’s free surface (left hand side) and the pneumatic pressure (right hand side), versus the incident 

wave frequency. Graphs are represented for the intermedium orifice diameter 44 mm (data correspond to Series E and 
are at model scale). 
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Figure 6.65: Response spectrum and incident wave spectra and the Response Amplitude Operator (RAO) for both 
the OWC chamber’s free surface (left hand side) and the pneumatic pressure (right hand side), versus the incident 

wave frequency. Graphs are represented for the larger orifice diameter 51 mm (data correspond to Series E and are at 
model scale). 
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Finally, the variation of the run-up coefficient at the frontal face of the OWC chamber 

and the monopile is represented in Figure 6.66 and Figure 6.67 for the significant run-

up coefficient (CS) and in Figure 6.68 and Figure 6.69 for the maximum run-up 

coefficient (Cmax). From their analysis the following points can be made: (i) generally 

both coefficients (CS and Cmax) present larger values at the frontal face of the OWC 

chamber than at the monopile, being this difference accentuated for Cmax; (ii) CS generally 

does not present a clear relationship with the wave period neither with the orifice 

diameter; (iii) Cmax presents a clear dependency with the wave period, increasing 

generally when the wave period increases and decreases and showing a minimum for the 

intermedium values of the wave period; (iv) Cmax shows much higher values than for CS, 

being these up to 2.5 times larger as for previous sections (Section 6.4.2.6); and (vi 

comparing these results with the previous sections it can be appreciated that generally 

CS has a similar response where Cmax differs, presenting now a clear trend. 

 

 

 
Figure 6.66: Monopile’s significant run-up coefficient (CS) versus the significant steepness (SS) Series E and the 

three orifice diameters (dimensions are at prototype scale). 
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Figure 6.67: Chamber’s front significant run-up coefficient (CS) versus the significant steepness (SS) Series E and the 

three orifice diameters (dimensions are at prototype scale). 

 
Figure 6.68: Monopile’s maximum run-up coefficient (Cmax) versus the significant steepness (SS) Series E and the 

three orifice diameters (dimensions are at prototype scale). 

 
Figure 6.69: Chamber’s front maximum run-up coefficient (Cmax) versus the significant steepness (SS) Series E and 

the three orifice diameters (dimensions are at prototype scale). 
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In sum, the wave period influence for irregular waves, analysed in this section has 

brought some light on the influence of the wave period over χmax and Cmax – i.e., the two 

parameters have shown now to be generally dependent with the wave period, increasing 

both for larger and smaller values of the wave period and showing a minimum for the 

intermedium ones. Furthermore, this section has contributed to consolidate the 

behaviour identified previously, in other sections, for KR, KT, KA, Pm, CWR and CS -i.e., 

increasing KT and KA, when the wave period increases, decreasing generally KR, Pm and 

CWR when the wave period decreases and being CS generally constant with the wave 

period. Finally, from the behaviour of both RAOs it can be appreciated that generally the 

wave period has a smaller influence over both RAOs along the frequency range with the 

exception of the region where the maximum peaks for both RAOs are found, as now these 

peaks do not show around 0.33 Hz as previously and its location changes considerable 

depending on the wave period. 

6.5. Experimental results III: Repeatability tests 

6.5.1. Overview 

This section presents the repeatability test results into two different groups: first, for 

regular waves and them for irregular. In order to compare the results appropriately, the 

correlation coefficient (𝑅2) and the Normalised Root Mean Square Error (NRMSE) have 

been used for each set of tests. Both coefficients have been studied for a total of sixteen 

variables in each test: the signals from the nine wave gauges (WG_01 to WG_09); the 

three ultrasonic-wave-level (UWL) sensors and its mean (UWL_01 to UWL_03 and 

UWLmean); the differential pneumatic pressure (∆𝑝); the mean pneumatic power (Pm); 

and the volumetric air flow rate thought the orifice (q). 

To increase the readability of the text and a better interpretation of the results the 

tables showing al the experimental test can be found at Appendix D from Table D.23 to 

Table D.38, where in the text only the tables showing the mean values of R and NRMSE 

are shown. 
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6.5.2. Repeatability test I: Regular waves 

The analysis of the repeatability test for regular waves was divided into two different 

groups (Series AR and Series BR), as mentioned before. In both groups, six different 

wave conditions were tested (Table 5.10), five times each, making a total of thirty tests 

for each series. Each one of the groups of five tests were compared among themselves 

using the first one as reference. Individual values of the correlation coefficient (𝑅2) and 

the normalised root mean square error (NRMSE) for all the test can be found at 

Appendix D from Table D.23 to Table D.26 for Series AR, and from Table D.27 to Table 

D.30 for Series BR. These results have been summarised in Table 6.3 and Table 6.4 for 

Series AR and in Table 6.5 and Table 6.6 for Series BR, where the mean values of 𝑅2and 

NRMSE for each group of five tests and the mean one for all the series are presented for 

each one the sixteen variables. 

From the analysis of the data it can be appreciated that, in mean, all variables present 

a great agreement. The mean values of 𝑅2for each one of the groups of 5 tests from 

Series AR range from 0.97 to 0.99 and the equivalent NRMSE ones do it from 2.15% to 

9.18%. Likewise, the equivalent values for Series BR range from 0.93 to 0.99 for R and 

from 3.53% to 13.42% for NRMSE. In sum, it can be concluded that the experimental set-

up is highly repeatable under regular linear and non-linear waves. 
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Table 6.3: Mean values of the correlation coefficient (R2) and the Normalised Root Mean Square Error (NRMSE) for 
each one of the repeatability test for the nine wave gauge sensors (WG_01-WG_09) positioned along the wave flume 
and near to the OWC model (mean data corresponds to Series AR and the small orifice diameters: 30 mm, and data are 
shown for each one of the tests groups and globally for the Series). 

Test 
number . WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

           
3001-05 

𝑅2 0.997 0.998 0.997 0.999 0.998 0.998 0.998 0.993 0.993 
NRMSE 4.57% 4.37% 5.01% 4.57% 4.74% 4.28% 9.45% 10.24% 18.88% 

3006-10 
𝑅2 0.999 1.000 0.999 0.999 1.000 0.999 0.999 0.999 0.995 

NRMSE 2.15% 2.02% 3.69% 1.76% 1.91% 2.06% 5.13% 2.39% 10.30% 

3011-15 
𝑅2 0.995 0.988 0.990 0.971 0.997 0.997 0.992 0.986 0.995 

NRMSE 5.00% 10.77% 9.65% 11.82% 4.56% 4.89% 7.24% 8.46% 6.40% 

3016-20 
𝑅2 0.998 0.997 0.996 0.982 0.999 0.998 0.998 0.998 0.995 

NRMSE 3.60% 6.03% 6.35% 11.50% 2.17% 2.53% 6.48% 5.09% 7.35% 

3021-25 
𝑅2 0.995 0.998 0.931 0.983 0.997 0.997 0.992 0.991 0.992 

NRMSE 6.72% 5.67% 19.92% 10.02% 5.24% 4.53% 8.08% 9.02% 7.85% 

3026-30 
𝑅2 0.999 0.998 0.984 0.994 0.999 0.999 0.998 0.998 0.997 

NRMSE 2.57% 5.87% 7.95% 6.28% 3.19% 2.54% 3.60% 3.18% 4.31% 

Total 
Series AR 

𝑅2 0.997 0.997 0.983 0.988 0.998 0.998 0.996 0.994 0.994 
NRMSE 4.10% 5.79% 8.76% 7.66% 3.64% 3.47% 6.66% 6.39% 9.18% 

           
 
 
 
 
Table 6.4: Mean values of the correlation coefficient (R2) and the Normalised Root Mean Square Error (NRMSE) for 
each one of the repeatability test for: (i) each one of each one of the three Ultrasonic Water Level (UWL) sensors used 
to measure the free surface inside the OWC; (ii) the mean of the three UWL sensors; (iii) the instantaneous pneumatic 
pressure (Δp); iv) the pneumatic power output (P); and (v) the air flow rate at the orifice (q) (mean data corresponds to 
Series AR and the small orifice diameters: 30 mm, and data are shown for each one of the tests groups and globally for 
the Series). 

Test 
number 

. UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

         
3001-05 

𝑅2 0.987 0.985 0.995 0.996 0.999 0.961 0.994 
NRMSE 7.79% 7.15% 5.19% 4.62% 2.17% 8.67% 4.88% 

3006-10 
𝑅2 0.994 0.996 0.995 0.998 1.000 0.979 0.996 

NRMSE 5.28% 3.92% 5.08% 2.96% 1.34% 6.77% 3.98% 

3011-15 
𝑅2 0.995 0.997 0.977 0.996 0.998 0.966 0.990 

NRMSE 4.54% 4.92% 7.39% 4.06% 2.51% 8.80% 6.25% 

3016-20 
𝑅2 0.993 0.980 0.997 0.996 0.999 0.964 0.992 

NRMSE 5.31% 25.19% 3.78% 10.19% 2.01% 7.58% 5.61% 

3021-25 
𝑅2 0.996 0.990 0.998 0.998 0.999 0.969 0.994 

NRMSE 4.08% 6.31% 3.35% 3.04% 2.27% 8.16% 5.12% 

3026-30 
𝑅2 0.997 0.986 0.998 0.997 0.999 0.974 0.994 

NRMSE 3.85% 5.04% 3.63% 2.91% 1.99% 7.95% 4.72% 

Total 
Series AR 

𝑅2 0.994 0.989 0.993 0.997 0.999 0.969 0.993 
NRMSE 5.14% 8.76% 4.74% 4.63% 2.05% 7.99% 5.09% 
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Table 6.5: Mean values of the correlation coefficient (R2) and the Normalised Root Mean Square Error (NRMSE) for 
each one of the repeatability test for the nine wave gauge sensors (WG_01-WG_09) positioned along the wave flume 
and near to the OWC model (mean data corresponds to Series BR and the small orifice diameters: 30 mm, and data are 
shown for each one of the tests groups and globally for the Series). 

Test 
numbe

r 
. WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

           
3001-05 

𝑅2 0.985 0.985 0.985 0.985 0.985 0.985 0.985 0.984 0.985 
NRMSE 7.31% 8.58% 8.83% 8.24% 8.11% 8.55% 8.53% 8.16% 8.57% 

3006-10 
𝑅2 0.998 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.996 

NRMSE 2.59% 3.71% 4.04% 3.32% 3.66% 3.70% 3.60% 4.24% 4.41% 

3011-15 
𝑅2 0.999 0.999 0.999 0.997 0.999 0.999 0.999 0.999 0.998 

NRMSE 3.84% 2.97% 2.83% 4.41% 2.34% 2.29% 2.19% 2.46% 4.75% 

3016-20 
𝑅2 0.998 0.998 0.998 0.996 0.998 0.998 0.998 0.998 0.998 

NRMSE 2.52% 3.05% 3.04% 7.08% 2.51% 2.49% 2.48% 2.48% 3.32% 

3021-25 
𝑅2 0.998 0.999 0.998 0.996 0.999 0.999 0.999 0.999 0.997 

NRMSE 3.69% 2.57% 4.45% 6.52% 2.67% 3.07% 3.06% 4.11% 5.74% 

3026-30 
𝑅2 0.998 0.999 0.997 0.997 0.998 0.998 0.998 0.998 0.995 

NRMSE 3.63% 2.36% 3.54% 3.98% 3.35% 2.99% 2.80% 2.62% 8.28% 

Total 
Series BR 

𝑅2 0.996 0.996 0.996 0.995 0.996 0.996 0.996 0.996 0.995 
NRMSE 3.93% 3.87% 4.46% 5.59% 3.77% 3.85% 3.78% 4.01% 5.84% 

           
 

 

 
Table 6.6: Mean values of the correlation coefficient (R2) and the Normalised Root Mean Square Error (NRMSE) for 
each one of the repeatability test for: (i) each one of each one of the three Ultrasonic Water Level (UWL) sensors used 
to measure the free surface inside the OWC; (ii) the mean of the three UWL sensors; (iii) the instantaneous pneumatic 
pressure (Δp); (iv) the pneumatic power output (P); and (v) the air flow rate at the orifice (q) (mean data corresponds 
to Series BR and the small orifice diameters: 30 mm, and data are shown for each one of the tests groups and globally 
for the Series). 

Test 
number . UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

         
3001-05 

𝑅2 0.978 0.976 0.978 0.983 0.982 0.907 0.979 
NRMSE 10.00% 9.67% 10.28% 8.67% 8.25% 14.41% 9.08% 

3006-10 
𝑅2 0.989 0.808 0.986 0.970 0.996 0.955 0.967 

NRMSE 7.22% 26.25% 8.84% 12.17% 3.63% 8.64% 10.65% 

3011-15 
𝑅2 0.996 0.994 0.997 0.998 0.999 0.972 0.996 

NRMSE 5.06% 22.98% 8.51% 9.33% 1.77% 7.81% 4.39% 

3016-20 
𝑅2 0.991 0.992 0.988 0.996 0.998 0.939 0.991 

NRMSE 5.62% 8.73% 15.11% 5.40% 2.62% 11.42% 5.09% 

3021-25 
𝑅2 0.997 0.998 0.998 0.998 0.999 0.973 0.996 

NRMSE 5.04% 4.22% 10.59% 5.01% 2.05% 8.72% 4.53% 

3026-30 
𝑅2 0.982 0.986 0.986 0.993 0.998 0.860 0.972 

NRMSE 8.29% 8.64% 8.09% 6.49% 2.83% 12.74% 8.78% 

Total 
Series BR 

𝑅2 0.989 0.959 0.989 0.990 0.995 0.934 0.983 
NRMSE 6.87% 13.42% 10.24% 7.84% 3.53% 10.62% 7.22% 
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6.5.3. Repeatability test II: irregular waves 

The repeatability tests for irregular waves were structured into two different groups, 

Series CR to cover the irregular waves with a JONSWAP spectrum, and Series DR for 

those with a Pierson-Moskowitz (PM) spectrum. For the first one three different sea state 

conditions were tested for a total of five times each, making a total of 15 repeatability 

tests (Table 5.11). At the second one, two different sea states were tested also five times 

each, making a total of 10 repeatability tests (Table 5.12). The correlation coefficient (𝑅2) 

and the Normalised Root Mean Square Error (NRMSE) values for each one of the tests 

and the sixteen variables studied can be found at Appendix D from Table D.31 to Table 

D.38. These results have been summarised in Table 6.7 and Table 6.8 where the mean 

values of R and NRMSE for each group of five tests and the mean one for all the series 

are presented for each one the sixteen variables. 

From the analysis of the data it can been appreciated that, in mean, all variables 

present a great agreement. The mean values of 𝑅2for each one of the groups of 5 tests 

from Series CR range from 0.96 to 0.99 and the equivalent NRMSE ones do it from 2.13% 

to 6.11%. Likewise, the equivalent values for Series DR range from 0.98 to 0.99 for 

𝑅2 Rand from 0.76% to 2.95% for NRMSE. In sum, it can be concluded that the 

experimental set-up is highly repeatable under regular linear and non-linear waves. 
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Table 6.7: Mean values of the correlation coefficient (R2) and the Normalised Root Mean Square Error (NRMSE) for 
each one of the repeatability test for the nine wave gauge sensors (WG_01-WG_09) positioned along the wave flume 
and near to the OWC model (mean data corresponds to Series CR and Series DR for the small orifice diameters: 30 mm, 
and data are shown for each one of the tests groups and globally for the Series). 

Test 
number . WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

           Series CR 

3001-05 
𝑅2 0.988 0.990 0.989 0.990 0.993 0.992 0.993 0.989 0.991 

NRMSE 3.09% 3.19% 3.33% 3.21% 2.58% 2.89% 2.76% 3.24% 3.47% 

3006-10 
𝑅2 0.991 0.990 0.990 0.984 0.991 0.992 0.992 0.987 0.995 

NRMSE 1.92% 2.62% 2.44% 2.98% 1.95% 1.93% 1.94% 2.38% 2.55% 

3011-15 
𝑅2 0.992 0.992 0.990 0.989 0.994 0.992 0.994 0.988 0.992 

NRMSE 2.51% 1.75% 2.90% 2.84% 1.87% 2.09% 1.95% 2.59% 3.22% 

Total 
Series CR 

𝑅2 0.990 0.991 0.990 0.988 0.993 0.992 0.993 0.988 0.993 
NRMSE 2.50% 2.52% 2.89% 3.01% 2.13% 2.30% 2.22% 2.74% 3.08% 

Series DR 

3001-05 
𝑅2 0.995 0.996 0.997 0.996 0.998 0.998 0.998 0.997 0.997 

NRMSE 2.51% 2.21% 1.57% 1.47% 1.02% 1.12% 1.05% 1.35% 2.00% 

3006-10 
𝑅2 0.995 0.995 0.994 0.994 0.997 0.996 0.997 0.995 0.997 

NRMSE 1.83% 1.71% 1.93% 2.05% 1.44% 1.55% 1.46% 1.48% 2.26% 

Total 
Series DR 

𝑅2 0.995 0.996 0.996 0.995 0.998 0.997 0.998 0.996 0.997 
NRMSE 2.17% 1.96% 1.75% 1.76% 1.23% 1.34% 1.25% 1.42% 2.13% 

           
 
 
Table 6.8: Mean values of the correlation coefficient (R2) and the Normalised Root Mean Square Error (NRMSE) for 
each one of the repeatability test for: (i) each one of each one of the three Ultrasonic Water Level (UWL) sensors used 
to measure the free surface inside the OWC; (ii) the mean of the three UWL sensors; (iii) the instantaneous pneumatic 
pressure (Δp); (iv) the pneumatic power output (P); and (v) the air flow rate at the orifice (q) (mean data corresponds 
to Series CR and Series DR for the small orifice diameters: 30 mm, and data are shown for each one of the tests groups 
and globally for the Series). 

Test 
number 

. UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

         Series C 

3001-05 
𝑅2 0.976 0.969 0.989 0.990 0.995 0.960 0.987 

NRMSE 5.68% 6.77% 4.41% 4.13% 1.81% 2.80% 4.63% 

3006-10 
𝑅2 0.988 0.994 0.990 0.995 0.996 0.973 0.990 

NRMSE 4.72% 5.50% 4.03% 3.46% 1.33% 1.47% 3.56% 

3011-15 
𝑅2 0.985 0.969 0.986 0.992 0.995 0.950 0.973 

NRMSE 4.50% 6.06% 4.62% 3.56% 1.51% 3.27% 5.46% 

Total 
Series CR 

𝑅2 0.983 0.977 0.988 0.992 0.995 0.961 0.983 
NRMSE 4.97% 6.11% 4.35% 3.72% 1.55% 2.52% 4.55% 

 

3001-05 
𝑅2 0.994 0.997 0.996 0.999 0.999 0.987 0.995 

NRMSE 2.74% 1.93% 2.43% 1.43% 0.71% 1.34% 2.41% 

3006-10 
𝑅2 0.992 0.996 0.994 0.998 0.999 0.977 0.993 

NRMSE 3.16% 2.46% 3.00% 1.72% 0.81% 2.03% 3.36% 

Total 
Series DR 

𝑅2 0.993 0.997 0.995 0.998 0.999 0.982 0.994 
NRMSE 2.95% 2.19% 2.72% 1.57% 0.76% 1.68% 2.89% 
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6.6. Conclusions of the chapter 

This chapter went through the second part of the physical modelling campaign 

initiated in Chapter 5, going through the data analysis and presenting and discussing the 

experimental results. This chapter was structured into the following four main parts. 

6.6.1. Data analysis techniques 

The implementation of the data analysis, procedures and techniques used to process 

the raw data from the experiments was thoroughly described, including: (i) the process 

to prepare the data to be used in the following steps of the analysis; (ii) the method used 

to determine the OWC mean power output (Pm) and the maximum to mean power 

coefficient (χmax); (iii) the Incident and Reflected Wave Analysis (IRWA) method 

considered to determine the incident and reflected wave surface elevation time series, as 

well as the reflection, transmission and absorption coefficients (KR, KT and KA); (iv) the 

steps followed to determine the OWC performance, by means of the power and capture 

width ratio (CWR) matrices, the Response Amplitude Operator (RAO) of the OWC 

chamber’s free surface oscillation (RAOC) and the pneumatic pressure (RAOP), as well as 

the turbine damping coefficient (B*); and (v) the analysis of the wave run-up at the 

monopile and the frontal face of the OWC chamber, by the means of the significant and 

maximum run-up coefficients (CS and Cmax). 

6.6.2. Regular waves 

An overarching analysis of the hybrid energy converter under regular waves was 

performed by studding its performance under a complete set of parameters or indicators 

defined in the data analysis techniques section (Pm, χmax, KR, KT, KA, CWR, RAOC, RAOP, 

B*, CS and Cmax). From the analysis of these indicators, the following main conclusions 

were found: 

The hybrid energy converter presents some mean power output (Pm) values around 

300 kW, at prototype scale, for the selected configuration and turbine damping values. 

This range is coherent with values found in the literature review (see Section 3.5), in 
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particular it falls within the range of values for OWCs that can be find in the WECs 

database from (Babarit, 2015).. 

A new coefficient relating the maximum and the mean power outputs has been 

defined, the maximum to mean power coefficient (χmax). It has been found that, for 

regular waves, the maximum power is between 2.6 and 3.8 times higher than the mean 

power. 

An Incident and Reflected Wave analysis (IRWA) was carried out with the main 

purpose of identifying the incident wave (to be used as reference). But also, to define the 

analysis procedure and set a reference for the study of the reflection, transmission and 

absorption phenomena in other model configurations - to be studied by means of either 

numerical or physical modelling later in this thesis or for future developments of the 

device. For the model and experimental set-up tested in this chapter it was found, for 

regular waves, that the reflection coefficient (KR) ranges between 0.23 and 0.71, the 

transmission coefficient (KT) between 0.12 and 0.37, and the absorption coefficient (KA) 

between 0.21 and 0.73. The values found for KR are relatively high in comparison with 

other WECs - Zanuttigh et al. (2013) published values of KR for the DEXA WEC that range 

from 0.33 to 0.17. Furthermore, it has also been found that the three IRWA coefficients 

(KR, KT and KA) are strongly dependent on the wave period and to a lesser extent on the 

wave height. KR decreases when the wave period increases – i.e., this is the opposite 

behaviour that a coastal structure has but similar to other WECs, such as: WaveCat 

(Fernandez et al., 2012) and DEXA (Zanuttigh et al., 2013) – and KT and KA increase 

when the wave period increases. Further research is needed in order to understand the 

effects of the flume enclosure in the reflected and transmitted waves. 

The power and CWR matrices were determined, showing the performance of the 

hybrid device under the different sea conditions. It was found that the device presents 

the better values of power output for periods going from 8 s to 13 s and wave heights 

higher than 2 m, being the orifice with the middle diameter (44 mm) the one showing 

the best performance. Furthermore, the best efficiency (CWR) was found to occur for 

lower periods (7 s to 10 s) and smaller heights (< 3 m), however, a wider region of 
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intermedium values of CWR (15%-20%) was found. Further research is needed in order 

to understand the effects of the flume enclosure in the power output and the efficiency 

of the device. 

The Response Amplitude Operator (RAO) for both, the chamber’s free surface 

oscillation (RAOC) and pneumatic pressure (RAOP), were studied. It was found that both 

RAOs are strongly dependent on the orifice diameter – i.e., RAOC increases and RAOP 

decreases when orifice diameter increases. RAOC increases when the frequency decreases 

and generally converges to 1 for lower frequencies – i.e., meaning that the OWC 

chamber’s free surface oscillation is in phase with the incident wave - and RAOP increases 

when the frequency increases. Furthermore, it has also been found that, generally, both 

RAOs have a strong relationship with the steepness parameter (S). Finally, it was 

observed that the middle orifice diameter (44 mm) is the one that couples both 

responses. 

The turbine damping and its influence on the overall performance of the device has 

been studied, finding that the non-dimensional wave height (H*) and period (T*) and the 

damping coefficient (B*) are clearly dependent – i.e., the smaller the non-dimensional 

wave height, the higher the value of the damping coefficient which maximises the CWR, 

and vice versa, the smaller the non-dimensional wave period, the smaller the value of the 

damping coefficient that maximises the capture width ratio. Although these results are 

similar to those found by López et al. (2014), these conclusions are limited to the data 

obtained from the three orifice diameters studied, which limits the resolution of the 

analysis. Future research is needed in order to increase the number of orifice diameters 

studied and so have a better understanding of the relationship between the turbine 

damping, the CWR, and the non-dimensional wave height and period. 

The wave run-up at the frontal face of the OWC chamber and at the monopile was 

studied, finding higher values of the run-up at the chamber rather than at the monopile, 

as expected – i.e., the frontal face of the OWC chamber is just a vertical wall facing the 

incident wave and the monopile is a vertical cylinder. Furthermore, it was found that the 

wave run-up is driven by both the wave height and period – i.e., both, the significant and 
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the maximum run-up coefficients (CS and Cmax) increase when the wave height and the 

wave period increase – being the effects of the wave height predominant over the wave 

period. Future research should be conducted to study if the steepness parameter has a 

clear influence on the wave run-up. 

Finally, a comparison between linear and non-linear regular waves was carried out 

for the overlapping wave height between both series (H = 1.75 m). It was found that tests 

studied under linear waves (Series A) over predict the mean pneumatic power (Pm) and 

the capture width ratio (CWR) in comparison with the tests studied under non-linear 

waves (Series B). Series A (linear waves) underpredics also the maximum to mean power 

coefficient (χmax). Notwithstanding, for the other parameters studied there is not a 

significant difference between both series, generally. These conclusions are restricted to 

the tests studied in this thesis comparing Series A and Series B at a fix wave height. In 

order to extend these conclusions to other WEC prototypes further research testing a 

wider overlapping area should be performed. 

6.6.3. Irregular waves 

The experimental results for irregular waves look at the same coefficients as for 

regular waves under three different optics: (i) an irregular waves analysis with a 

JONSWAP spectrum was carried out to study the general performance of the device 

under irregular waves; (ii) a spectral shape analysis was studied in order to determine 

how much influence a different spectral shape (JONSWAP versus Pierson-Moskowitz) 

has on the overall performance of the hybrid device; and (iii) a wave period influence 

analysis was studied for a fix wave height and a number of wave periods for a JONSWAP 

spectrum. From these three analyses, the following conclusions can be made: 

6.6.3.1. Irregular waves analysis 

The pneumatic power output of the hybrid energy converter for irregular waves 

shows a similar response as for regular waves, with the difference that this time the mean 

values of the mean pneumatic power (Pm) are smaller, being around 250 kW (at 

prototype scale). As for regular waves, this value also falls in the range of power expected 
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for an OWC with a similar characteristic dimension (B=24.2 m) and wave resource 

(J=25 kW/m), which considering Equation (3.10) and Equation (3.11) taken from 

(Babarit, 2015), is 217 kW. 

From the study of the maximum to mean power coefficient (χmax) values of the 

maximum power 13 times larger than the mean power, in mean, were found. In addition, 

maximum values of the maximum power up to 25 times larger than the mean power 

where found in Series C and 19th times larger in Series D. The reason why larger values 

of χmax are found in Series C in comparison to the ones in Series D can be justified for the 

lower number of frequency components that the spectrum from  

Series C have in comparison to the one used for Series D (see Section 5.6, Section 5.8.2 

and Section 6.4.2.1 for more details). Further research is needed in order to understand 

the effects of the flume enclosure and a longer random phase generation in χmax. 

The IRWA for irregular waves has shown that the reflection coefficient (KR) ranges 

between 0.41 and 0.71, the transmission coefficient (KT) between the 0.17 and 0.25, and 

the absorption coefficient (KA) between 0.68 and 0.88. As for regular waves, the three 

IRWA coefficients (KR, KT and KA) are strongly dependent with the wave period – i.e., the 

reflection coefficient (KR) decreases and both the transmission and absorption 

coefficients (KT and KA) increase when the wave period increases. However, this time the 

influence of the wave height is much smaller than seen for regular waves. 

The mean Power (Pm) and the Capture Width Ratio (CWR) show a more stable 

performance for irregular than for regular waves, being, in mean values, smaller the 

values of Pm and CWR for irregular waves. Pm increases with both the wave height and 

period, and CWR increases when both the wave period and the wave height decrease. 

Furthermore, the best performing orifice diameter is the middle one (44 mm) and the 

one with the lower performance the smaller one (30 mm). 

The Response Amplitude Operator (RAO) for the OWC chamber’s free surface 

oscillation (RAOC) and pneumatic pressure (RAOP) was determined for irregular waves. 

Similar results to the ones observed for regular waves were found, being the behaviours 

of both RAOs opposed – i.e., RAOC increases when the orifice diameter increases and the 
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frequency decreases, on the contrary, RAOP decrease when the orifice diameter and the 

frequency increase. 

The turbine damping and its influence on the overall performance of the device has 

been studied for irregular waves, however, due to the limited number of sea states, tested 

at the irregular waves series, it is not possible to understand how the turbine damping 

relates to the non-dimensional wave height and non-dimensional wave period, as well as 

to the CWR. The main objective of this section is to define the tools to evaluate the turbine 

damping in future studies. Further research should be conducted to include more orifice 

diameter sizes and extent the sea states in order to increase the resolution of this study 

and have a better understanding of this phenomena. 

Finally, the wave run-up phenomena observed for irregular waves is similar to the 

one observed for regular waves when looked at the significant run-up coefficient (CS). 

Nevertheless, when the maximum run-up coefficient (Cmax) is analysed, much larger 

extremal values are found and a direct dependency with the wave height and the wave 

period is observed – e.g., values of 1.9 times the incident wave have been found at the 

frontal wall of the OWC chamber. 

6.6.3.2. Spectral shape analysis 

Changing the spectral shape has shown to not have a significant effect on the 

performance of the hybrid energy converter, as the fundamental parameters present 

generally the same response for both JONSWAP and Pierson-Moskowitz (PM) spectra. 

Most of the parameters studied present the same response for both spectral shapes, with 

the exception of two of them, the mean power output and the capture with ratio (Pm and 

CWR), which present slightly better results for the JONSWAP spectrum. Further 

research is needed in order to understand if the different spectral shape has a real 

influence in the power production and efficiency or if in the contrary this is an effect of 

the lower number of frequency components that the JONSAWP spectrum has in 

comparison with the PM one. 
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6.6.3.3. Wave period influence 

The wave period influence analysis for irregular waves has brought some light on the 

influence of the wave period over χmax and Cmax – i.e., the two parameters have shown 

now to be generally dependent with the wave period, increasing both for larger and 

smaller values of the wave period and showing a minimum for the intermedium ones. 

Furthermore, similar behaviours to the ones observed previously, in other sections, have 

been seen for KR, KT, KA, Pm, CWR and CS -i.e., increasing KT and KA when the wave period 

increases, decreasing generally KR, Pm and CWR when the wave period decreases and 

being CS generally constant with the wave period. Finally, from the behaviour of both 

RAOs it can be appreciated that, generally, the wave period has a smaller influence over 

both RAOs with the exception for the region where the maximum peaks for both RAOs 

are found, as now these peaks do not show around 0.33 Hz as previously and its location 

changes considerable depending on the wave period. 

6.6.4. Repeatability 

Four repeatability tests were studied at this final part. The correlation coefficient (𝑅2) 

and the Normalised Root Mean Square Error (NRMSE) were determined for sixteen 

different parameters going from wave gauge signal values to the instantaneous 

pneumatic power output results. Highly correlation values and low errors were found for 

both regular and irregular waves – i.e., reaching mean values of 𝑅2 higher than 0.96 and 

NRMSE smaller than 13.4% for regular waves and 0.98 and 6.1% for irregular. These 

results certify the quality of the experimental facility and set-up. 
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“Science, my boy, is made up of mistakes,  

but they are mistakes which it is useful to make,  

because they lead little by little to the truth.” 

Jules Verne, Journey to the Center of the Earth 
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7.1. Introduction 

This chapter describes the different steps considered for the implementation of a 3D-

numerical model, based on a RANS equations solver, with a VOF free surface boundary 

condition capturing scheme (RANS-VOF). This was implemented to obtain a virtual 

mirror of the physical model, to understand the effects of the flume enclosure in the 

device performance, and to define a tool for future optimisation of the prototype. 

Section 2 of this chapter presents the materials and methods used in the numerical 

modelling campaign of this thesis, including: (i) the High-Performance Computing 

cluster (HPC) used to run the simulations; (ii) the numerical solver used (Star CCM+); 

(iii) the wave generation method; and (iv) the computational domain. Section 3 presents 

the model validation by direct comparison with data from the physical experiments. 

Section 4 tackles the additional simulations carried out with the numerical model once 

validated, analysing topics such as: (i) the power performance for linear regular waves 

and the three different orifice diameters; and (ii) the flume enclosure effects in the device 

performance for the middle orifice diameter (44 mm). Section 5 presents the conclusions 

of the chapter. In addition, Appendix E complements this chapter, defining the concepts 

necessary to understand the working principle of numerical models and in particular the 

RANS-VOF model and Appendix F presents the additional figures and tables to this 

chapter. 

7.2. Materials and methods 

This section describes the numerical model, the process to design it and the 

methodology followed for it to represent accurately the physical one. To do this, the 

section has been structured into five main parts: 

7.2.1. Computational resources 

The accuracy of any numerical modelling analysis is usually determined by the 

available computational resources for the project, which directly determine the 

computational times and the computational domain. Thus, it is necessary to describe the 
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High-Performance Computing (HPC) cluster hardware and the software, or solver, used 

to run the CFD model. Both are defined in more detail next. 

7.2.1.1. High Performance Computing hardware 

The 3D nature of the problem studied in this section implies large computational 

domains. This increases quickly the computational requirements for the hardware in 

order to solve the model within acceptable ranges of computational times. Due to the 

particularity that this thesis has been carried out between two different universities - The 

University of Santiago de Compostela (USC) and the University of Plymouth (UoP) - two 

different High Performance Computing (HPC) clusters were used. 

At UoP a Viglen genie stand-alone workstation was used to run the CFD simulations 

and post-process all the data later with MATLAB. This is a high-end use machine 

equipped with an Intel Core i7 Processor, 16 GB of RAM memory and 500 GB SATA 3 

hard drive, equipped with Windows 7 Enterprise as Operating System (OS) and MPICH2 

and MS-MPI as HPC drivers. See complete technical details in Table 7.1. 

 

 
Table 7.1: Viglen genie stand-alone workstation at UoP technical characteristics. 

Workstation specifications 

  
Processor Intel Core i7 2,600 @ 3.4 GHz (supports Hyper-threading, Turbo 

Boost & Enhances SpeedStep) 

Number of cores 4 

Number of threads 8 

Cache size 8 MB 

Motherboard Intel DQ67SW 

RAM 16 Gb of 1,333 MHz DDR3 memory in dual channel configuration 

Graphics NVIDIA© Quadro 2000 1GB PCI-E graphics card with Dual DVI 

Hard disk drive 500 GB SATA3 traditional hard disk drive 

Monitor 2 Philips 21.5” LED 

Operating System Windows 7 Enterprise 64-bit 

HPC driver MPICH2 and MS-MPI 

   

At USC, a Dell HPC cluster was used to run the numerical simulations and a Dell 

stand-alone workstation to develop the simulations and post-process the data. The HPC 
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cluster was initially designed and developed to be used for this thesis by the author. The 

HPC cluster was assembled in-situ after the conditioning of the local with the required 

electric and network connections, including a Riello 10 kVA Uninterruptible Power 

Supply (UPS). The HPC cluster was assembled in a structure of 1 hybrid head/computing 

node and 3 computing nodes, with an independent 2 GB Ethernet network to link the 

computing nodes with the head node. The OS of the HPC cluster is Windows HPC Server 

2008 R2. This configuration has allowed to run simulations in multi-node mode and use 

more than 28 threads at a time or to do it using a single node. Table 7.2 shows the 

technical specifications of the USC cluster, Table 7.3 shows the specifications of the Dell 

Power Edge servers, and Table 7.4 does the same with the Dell workstation T7500. 

Finally, Figure 7.1 shows two views of the USC-GICEMA HPC cluster. 

 

 
Table 7.2: USC-GICEMA HPC cluster's technical characteristics. 

HPC cluster specifications 

  Nodes 4 x Dell Power Edge R710 server 

Maximum number 
of nodes 12 

Current number of 
nodes 4 

Total number of 
cores 48 (4 x 12) 

Total number of 
threads 96 (4 x 24) 

Total RAM 64 MB (4 x 16 MB) 

Rack chassis Dell Power Edge 4220 Rack (42 U) 

Network switch Dell Power Connect 5524 (24 10/100/1000 BASE-T auto-sensing 
Gigabit Ethernet ports 

Network scheme 2 x 1 Gb Ethernet ports with separate incoming and outgoing traffic  

Monitor Asus 21.5” LED 

KVM switch Starview 8 port KVM switch (WGA and USB switch) 

UPS 10 kVA Riello Sentinel Power UPS 

Operating System Windows HPC Server 2008 R2 64-bit 
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Table 7.3: Specifications of Dell Power Edge R710 rack server used as HPC nodes at the USC cluster. 

Node server specifications 

  
Processor 2 x Intel Xenon X5650 2.66 GHz, QPI speed of 6.40 GT/s (supports 

Hyper-threading and Turbo Boost) 

Number of cores 12 (2 x 6) 

Number of threads 24 (2 x 12) 

Cache size 24 MB (2 x 12 MB) 

Motherboard Dell, chipset Intel 5520 

RAM 16 GB of 1,333 MHz DDR3 memory (2 x 8  GB for each CPU) 

Graphics Matrox G200 

Hard disk drive 300 GB SAS 6 Gbps 15 k hard disk drive 

Ethernet 4 Broadcom Gb Ethernet ports 

Chassis 2U rack chassis 

Operating System Windows HPC Server 2008 R2 64-bit 

HPC driver MS-HPC and MPICH2 

   

 

 

 
Table 7.4: Specifications of the USC-GICEMA Dell Precision T7500 stand-alone workstation. 

Workstation specifications 

  
Processor 2 x Intel Xenon W5590 3.33 GHz, QPI speed of 6.40 GT/s (supports 

Hyper-threading and Turbo Boost) 

Number of cores 8 (2 x 4) 

Number of threads 16 (2 x 8) 

Cache size 16 MB (2 x 8 MB) 

Motherboard Dell, chipset Intel 5520 

RAM 48 GB of 1,333 MHz DDR3 memory (2 x 24 GB for each CPU) 

Graphics NVIDIA© Quadro FX 3800 

Hard disk drive 600 GB SAS 6 Gbps 15 k hard disk drive 

Monitor Dell 21.5” LED 

Operating System Windows 7 ultimate 64-bit 

HPC driver MS-HPC and MPICH2 

   

 

 

 



Chapter 7: Numerical Modelling: Model Set-up and Validation 

- 273 - 

 

 
Figure 7.1: The USC-GICEMA High Performance Computing cluster. 

7.2.1.2. The STAR-CCM+  

STAR-CCM+©8 is a general purpose CFD program that has been applied to solve a 

wide range of multi-physics and complex geometry problems. STAR-CCM+ is a user-

friendly software that unifies under the same package the pre-processing, solver, and 

post-processing software. Furthermore, it has proved to be a very valuable tool to study 

wave-structure interaction and in particular the performance of an OWC (CD-adapco, 

2011, Hann et al., 2013, Westphalen, 2011, López et al., 2014).  

The generation of the geometry for the CFD simulations was done using AutoCAD©9 

and SolidWorks©10. Once the 3D CAD model was created this was exported as a STL11 

format, which was later imported into STAR-CCM+. Furthermore, the ParaView© 12 

software was used to post-process the numerical tool used to represent the physical wave 

gauges (WG), as explained later. All the other pre-processing, solving and post-

processing operations were carried out using STAR-CCM+. 

                                                        
8 STAR-CCM+ is a registered trademark of CD-Adapco. 
9 AutoCAD is a registered trademark of Autodesk. 
10 SolidWorks is a registered trademark of Dassault Systèmes. 
11 The STL (STereo Lithography) format is a CAD file format. 
12 ParaView is a registered trademark of Kitware. 
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7.2.2. The numerical wave flume 

7.2.2.1. The wave generation method 

Generating waves through a boundary and at the same time absorbing reflected 

waves has been a recurrent challenge for both laboratory experiments and numerical 

modelling. There are five common methods to generate waves in a RANS-VOF model; 

these can be listed as follows: 

i. Numerical piston-type wavemaker. This type uses a moving wall type 

boundary acting as a real piston-type wavemaker (Ning et al., 2009). 

ii. Submerged dipole. This type proposes a submerged rotating dipole to 

generate waves (Clément, 1999). 

iii. Modifying the VOF boundary condition. This method changes the VOF 

condition at a fix velocity inlet boundary to generate the waves (Hirt and 

Nichols, 1981). 

iv. Submerged mass source. This method, takes advantage of a submerged mass 

source to generates the waves by adding or subtracting a certain mass of water 

through the mass source boundary (Lin and Liu, 1999). 

v. Momentum source region. This final method, defines a momentum source 

over a region that covers the whole height and width of the computational 

domain for a length of approximately two wavelengths in the direction of the 

wave propagation. The method generates the waves by adding or subtracting 

momentum along the source area (Ha et al., 2013). 

The first two methods require of mobile elements to generate the waves, and so an 

adaptable mesh which changes every time-step, meaning of large computational times 

especially for a 3D model. The third method presents a problem of conservation of mass 

(i.e., increasing the mean water level) when the generated waves face a vertical wall or a 

model that blocks all or part of the width of the flume or computational domain. These 

two problems are solved in the final two methods. The fourth method presents a solution 

where various types of waves can be generated (i.e., linear regular, irregular, fifth-order 
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stokes, cnoidal or solitary waves), however, it presents the limitation that the source 

region must always be submerged, so the maximum wave height that can be reproduced 

with the model is limited by the position of the source region. The fifth method, solves 

the problem of the source region not being submerged all the time by defining a large 

enough momentum source region and allows the generation of directional waves in 3D, 

however, this method it is only defined for regular and irregular waves. 

López et al. (2014) propose a method that overcomes the problem due to the 

conservation of mass, where one of the boundaries is a vertical wall and not a pressure 

outlet. They apply the generation method suggested by Lin and Liu (1999) to a 2D model 

of an OWC integrated in a caisson breakwater, and tackles the problem of the absorption 

of the reflected waves from the model by defining a numerical dissipative ramp or beach 

at the opposite side of the mas source. This thesis takes over the model prosed by López 

et al. (2014) to define a the 3D model that mirrors the flume and experimental set-up 

from the physical modelling experimental campaign defined in Chapter 5. 

The original internal wavemaker method for the RANS equations (Lin and Liu, 1999) 

introduces a mass source function into the continuity equation for 2D, 

𝜕𝑢

𝜕𝑥
+

𝜕𝑤

𝜕𝑧
= 𝑆(𝑥, 𝑧, 𝑡)  (7.1) 

where 𝑆(𝑥, 𝑧, 𝑡) is the mass source function. The source function is defined at an interface 

boundary between two different regions defined inside the computational domain and 

discretized with a certain number of cells. The free surface above the source region 

responds to a pressure increment within the source region boundary creating the desired 

waves. 

Using the relationship between the mass source function for internal wave generation 

and the displacement of the water free surface for a regular wave 𝜂(𝑡), the mass source 

function 𝑆(𝑡) for a linear regular wave – note that for the purposes of this thesis, only 

linear regular waves are studied in the numerical modelling part - is derived as (Lin and 

Liu, 1999) 
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𝑆(𝑡) =
𝑐𝐻

𝐴𝑆𝑅
sin(𝜔𝑡)  (7.2) 

where c is the wave celerity; H is the wave height; ASR is the area of an assumed 

rectangular source region; and ω is the wave frequency. 

Equation (7.2) was initially implemented to define the wave generation at the mass 

source, however, during the model validation (as explained later in Section 7.3) it was 

found that the results from the numerical model had a good agreement for the period of 

the recorded signals but a very variable one for the wave amplitude. In order to solve this 

problem the original method was modified to consider the y dimension, replacing 

Equation (7.1) and Equation (7.2) as follows 

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= 𝑆(𝑥, 𝑦, 𝑧, 𝑡)  (7.3) 

𝑆(𝑡) =
𝑐𝐻

𝑉
sin(𝜔𝑡)  (7.4) 

where 𝑆(𝑥, 𝑦, 𝑧, 𝑡) is the mass source function in three dimensions and V is the volume of 

an assumed rectangular prismatic source region – i.e., this volume is the result of 

extruding in the y direction the original rectangular source region.  

The problems found during the validation phase when using Equation (7.2) were 

mostly minimised with the application of Equation (7.4). However, there were still some 

small discrepancies in the amplitude of the recorded signals (see Section 7.3), 

discrepancies which increased when the computation domain was extended to study the 

influence of the flume enclosure over the device performance (see Section 7.4). In order 

to solve the problems found so far a different approach was followed this time, by 

modifying the method proposed by Ha et al. (2013) for a momentum source function to 

be applied as a point mass source, such as the one proposed by Lin and Liu (1999). 

Following this approach, Equation (7.2), can be written now as 

𝑆(𝑡) =
𝐷𝐻

𝐴𝑆𝑅
sin(𝜔𝑡)  (7.5) 

where 𝑆(𝑡) is the mass source function, D is the correction term for the mass source 

amplitude from Ha et al. (2013) defined in Equation (7.6), H is the wave height; ASR is 

the area of an assumed rectangular source region; and ω is the wave frequency. 
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𝐷 =
(𝜔2 − 𝛼1𝑔𝑘4ℎ3) cos𝜑

𝜔𝐼1[1 − 𝛼(𝑘ℎ)2]
  (7.6) 

𝛼1 = 𝛼 + 1
3⁄   (7.7) 

𝐼1 = √
𝜋

𝛽
 𝑒𝑥𝑝 (−

(𝑘 cos𝜑)2

4𝛽
) (7.8) 

where ω is the wave frequency, α the correction parameters for the position of the mass 

source at the water column, k the wave number, h the mean water depth, φ the wave 

direction and β the corrected source width parameter – note that the source width 

parameter has been modified, from the one suggested by Ha et al. (2013), assuming that 

the width of the source region (δ) is much smaller than the wave length (λ). 

𝛼 =
𝑍𝛼

ℎ
(
1

2

𝑍𝛼

ℎ
+ 1)  (7.9) 

𝑍𝛼

ℎ
= −0.530  (7.10) 

𝛽 =
80

𝜆2
  (7.11) 

 

7.2.2.2. Computational domain 

The computational domain was defined to reproduce faithfully the experimental 

setup from Chapter 5, especially in terms of: (i) the dimensions, (ii) the relative position 

between the wavemaker and the model and (iii) the position and type of sensors. 

However, there are several differences between the physical and numerical experimental 

arrangements. The first difference is that the numerical model considers the symmetry 

existent in the physical arrangement and only represents half of the physical model in 

the y dimension. The second is the existence of an upstream wave dissipation beach, 

whose mission is, as explained previously, to absorb the waves generated by the 

numerical wavemaker in the upstream direction, as well as the ones reflected by the 

model (Figure 7.2 and Figure F.1 at the Appendix F). 
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Figure 7.2: Computational domain, sub-mesh regions, computational mesh and boundary conditions regions used for 
the configuration in Grid D (DG). 
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The upstream wave dissipation beach has the same slope of the downstream one 

already defined for the experimental model (Section 5.2) and it is positioned at 2.00 m 

from the centre of the source region in the Ox direction – i.e., the centre of the source 

region is the equivalent to the central position of the physical wavemaker. The beach has 

a total length of 5.5 m in the x direction and 0.570 m in the z direction. 

The reference system adopted to define the numerical set-up is the same as the one 

used at the physical experimental set-up (see Section 5.5) with the difference that the 

origin of coordinates Oxyz is in the Ox direction from the middle point of the wavemaker 

to the vertical of the end of the upstream beach - in order to have all the computational 

domain in the positive part of the axes Ox and Oy. 

The dimensions of the source region are 0.06 m in the x direction (width), 0.02 m in 

the z direction (height) and 0.325 m in the y direction (length). Furthermore, the centre 

of the source region was positioned at -0.277 m in the Oz direction and x=7.530 m in the 

Ox direction. The source region was designed and positioned according to the 

recommendations proposed to set up the internal wavemaker by Lin and Liu (1999). 

Furthermore, a second position was tested in order to study the influence of the source 

region on the wave generation. The first position was named as Source A (SA) and the 

second as Source B (SB), located at a -0.181 m in the Oz axis. 

Finally, a second computational domain region where the total width of the original 

flume is extended 5 times - being now the total width 1.625 m - was also defined (Figure 

F.2 at the Appendix F). This new model with the extended domain width was used to 

study the influence of the flume enclosure on the performance of the hybrid device. 

7.2.2.3. Computational mesh 

The meshing of the computational domain was made by means of hexahedral cell 

elements, which are the most extended type of cells used to represent the VOF boundary 

condition for the free surface. The computational domain is divided into different sub-

mesh regions, which allows the definition of different mesh conditions at each one of the 

regions. For the purposes of this thesis four different meshes were defined: The first two 

ones, Grid A (GA) was composed of three sub-mesh regions and a total number of cubic 
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cells just over 597,000. Grid C (GC) was composed of four sub-mesh regions and a total 

number of cubic cells just over 600,000– note that GB is the same as GA with a refined 

number of cells at the orifice and the near-by area. Finally, Grid C (GC) was composed of 

seven sub-mesh regions and a total number of rectangular cells just over 1,358,000. 

Finally, Grid D (GD) was composed of four sub-mesh regions and a total number of 

rectangular cells just over 98,000 (418,000 for the extended width domain) – note that 

GD is an optimisation of GC reducing the spatial resolution. 

Table 7.5 presents the different cell dimensions considered for each one of the 

directions x, y and z at the different sub-mesh regions. Table F.1 at the Appendix F shows 

the definition of each one of the sub-mesh regions used in each one of the meshes GA, 

GB, GC and GD, where Θ(𝑥, 𝑦, 𝑥) is the volume of the computational domain in the three 

dimensions x, y and z. 

 
Table 7.5: Cell dimensions considered for each one of the direction x, y and z at the different sub-mesh regions (GA, 
GB, GC and GD). 

Region name Δx [m] Δy [m] Δz [m] 

    Grid A (GA) 
General 0.1 0.1 0.1 

Free surface 0.015 0.015 0.015 
Orifice 0.01 0.01 0.01 

Grid B (GB) 
General 0.1 0.1 0.100 

Free surface 0.015 0.015 0.015 
Turbine 0.01 0.01 0.010 
Orifice 0.005 0.005 0.005 

Grid C (GC) 
Air body 0.05 0.033 0.005< Δz < 0.2 

Water body 0.05 0.033 0.013 
Free surface 0.05 0.033 0.005 

Model 0.015 0.033 0.01 
Turbine 0.005 0.005 0.005 
Orifice 1.5 x 10-3 1.5 x 10-3 1.5 x 10-3 

Grid D (GD) 
Air body 0.1 0.1 Δz ≥ 0.1 

Water body 0.1 0.1 0.05 
Free surface 0.1 0.1 0.015 

Orifice 0.01 0.01 0.01 
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7.2.2.4. Boundary and initial conditions 

The boundaries of the computational domain were grouped into seven different 

groups, as follows: 

i. The upstream and the downstream dissipation beaches. These two surfaces 

were set as a non-slip wall boundary (Figure 7.3). 

ii. The flume bottom. This surface was defined as a slip wall boundary, which 

means an impermeable but traction-free surface that makes sure that a good 

wave propagation is achieved. 

iii. The top part of the domain or ceiling. This surface was designed as pressure 

outlet boundary, and the outlet was restricted for water allowing only air to 

pass the boundary. A constant pressure equal to the atmospheric was imposed 

at this boundary. 

iv. The lateral wall of the flume. This surface, as for the flume bottom was 

defined as a slip wall boundary, to make sure that a good wave propagation is 

achieved. 

v. The model. As for the dissipative beaches, the surface of the model was 

defined a non-slip wall boundary (Figure 7.4). 

vi. The symmetry or central plane. The surface dividing the computational 

domain and the model in two symmetric parts was defined as a symmetry 

boundary condition (Figure 7.5). 

vii. The surface of the mass source region was defined as an interface boundary 

condition. This interface was imposed with the condition defined in 

Equation (7.5). This define the variation of the water mass thought the mass 

source boundary for regular linear waves. 
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Figure 7.3: The two upstream and downstream dissipation beach boundaries are defined as a non-slip wall. 

 

 

Figure 7.4: The model surface boundaries are defined as a slip wall. 

 

 

Figure 7.5: The middle plane surface, defined as a symmetry boundary. 
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The initial conditions for the numerical model were set up as the so-called ‘cold start’, 

which is defined as: 

 The water fluid and the free surface boundary condition as undisturbed fluid 

or a quiescent water situation, with no wave or current motion 

(u, v, w) = (0, 0, 0) 

 The free surface level or water depth was defined at the desired position 

(d = 0.533 m, as for the physical model) by means of the VOF condition – a 

value of 𝐹𝑉𝑂𝐹 = 1 was set for the cells with a z-coordinate lower than 𝑧 = 0, 

and a value of 𝐹𝑉𝑂𝐹 = 0 was set for the remaining ones. 

Finally, it must be noted that the boundaries and initial conditions defined in this 

section were used for all configurations tested in this chapter. 

7.2.3. Numerical measurements 

Now that the numerical wave flume has been defined it is time to do the same with 

the numerical tools or methods used in this thesis to obtain equivalent measures of the 

physical phenomena simulated in the computational domain to those recorded in the 

physical modelling campaign. Thus, four types of numerical measurements were 

defined: 

7.2.3.1. Free surface elevation 

In order to obtain some comparable free surface elevation measures to the ones 

recorded in the physical modelling campaign, a set of Numerical Wave Gauges (NGW) 

were defined along the numerical wave flume. These are defined as a plane section, which 

is the result of intersect a vertical plane parallel to the OxOz one and a cell surface 

perpendicular to this one. A cell surface is a set of cells contained on a plane – i.e., the 

cells contained on a parallel plane to Oy-Oz. The intersection of both planes defines the 

(x, y) position of the NWG (Table 7.6). Figure 7.6 shows six of the nine NWGs defined in 

the computational domain. 
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Table 7.6: Different types and position of numerical measurements, such as: Numerical Wage Gauges (NGW) for the 
free surface records; Air Pressure Point (APP), these are internals to the OWC and external; Mass Flow (MF); and 
Water Velocity (WV) – note that (rorif) corresponds to the radius of each one of the orifice diameters. 

Numerical 
measure type 

Physical sensor 
name x [m] y [m] z [m] 

     
NWG_01 WG_01 9.650 0.325 ∀𝑧 

NWG_02 WG_02 15.800 0.325 ∀z 

NWG_03 WG_03 16.475 0.325 ∀z 

NWG_04 WG_04 16.875 0.325 ∀z 

NWG_06 WG_06 17.930 0.325 ∀z 

NWG_07 WG_07 17.930 0.180 ∀z 

NWG_08 WG_08 18.025 0.118 ∀z 

NWG_09 WG_09 18.675 0.328 ∀z 

NWG_10 UWL_02 18.175 0.325 ∀z 

NWG_11 UWL_03 18.175 0.180 ∀z 

APPI_01 Dif. air pressure 18.250 0.125 0.130 

APPI_02 Dif. air pressure 18.050 0.015 0.130 

APPI_03 Dif. air pressure 18.050 0.115 0.130 

APPI_04 Dif. air pressure 18.050 0.200 0.130 

APPI_05 Dif. air pressure 18.325 0.305 0.130 

APPE_01 Dif. air pressure 18.637 0.250 0.432 

MF - (𝑥 − 18.271)2 + (𝑦 − 0.322)2 = 𝑟𝑜𝑟𝑖𝑓
2 0.174 

WV ADV 18.066 0.143 -0.167 
      

 

 
Figure 7.6: Front view of the computational domain at the model area showing six of the numerical wave gauges. 
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NWG have been used to measure the free surface elevation (η(t)) inside and outside 

the OWC chamber, giving an equivalent measure to the WG and UWL sensors used in 

the Physical modelling campaign. Furthermore, the direct measurement recorded by the 

NWGs are the volume fraction of water over the total area of the NWG. In order to 

translate this volume fraction values into free surface elevation, the following steps were 

followed: 

i. The plane section parts are exported as “vtk” files for each mesh 

configuration. 

ii. The “vtk” files are imported in ParaView, where then separated into five 

different groups of cells with the same width. 

iii. The area and the initial and final z-coordinate for each one of the groups were 

calculated. 

iv. The cumulative areas were calculated for each of the respective groups. 

v. The cumulative areas were transformed into volume fractions of the total area 

for each one of the groups and these were linked to their respective z-

coordinates; these were determined for each one of the four different meshes 

(see Table F.2 and Table F.3 at Appendix F). 

vi. An interpolation function was implemented in the MATLAB script that loads 

the files from the numerical simulations in order to transform directly the 

volume fraction of water values into free surface elevation data in metres. 

7.2.3.2. Air pressure 

To obtain an equivalent measure of the differential air pressure recorded in the 

physical modelling campaign between the inner OWC chamber and the atmosphere, two 

sets of total pressure meters were defined for this thesis. First, five points were positioned 

along the internal perimeter of the OWC chamber and contained on a horizontal plane 

which was placed at the same position as the internal pipe ring in the physical model (see 

Section 5.5.2.3). Secondly, an external single point was positioned to measure the 
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atmospheric air pressure. The positions of each one of the pressure points is defined in 

Table 7.6. 

Both sets of measures, the internal and the external, were defined to measure 

maximum total pressures. These values were later subtracted to obtain the expected 

differential air pressure at the MATLAB script that loads the data from the numerical 

simulations. 

7.2.3.3. Mass Flow 

In contrast to the physical campaign, the numerical model allows an easy and direct 

measure of the mass flow and hence the volumetric flow rate. This is done by means of a 

constrained plane section placed at the orifice. This was created by positioning a 

perpendicular plane to the orifice hole at the mid position between the inner and the 

outside part of the OWC chamber. The air mass flow is averaged over the surface and 

multiplied by two, to account for the symmetry. Table 7.6 shows the main parameters 

that define this measure. 

7.2.3.4. Water Velocity 

Finally, a point was positioned at the same position where the middle of the ADV’s 

control volume was defined to be (Section 5.5.2.4). This point measures the three 

components of the water velocity at the OWC chamber’s lip in the x, y and z directions. 

7.2.4. The simulation programme 

This final subsection of the materials and methods presents the simulation 

programme followed in the model validation section (Section 7.3) and in the additional 

simulations section (Section 7.4). Wave conditions used for the experimental campaign 

for regular linear waves (Series A) and regular non –linear waves (Series B) were 

considered (see Table 5.6). However, to be more accurate with the solution, the wave 

heights obtained from the Incident and Reflected Wave Analysis (IRWA) at each test 

were used and as input (Section 6.3.2.3), together with the correction term for the mass 

source amplitude (D), the wave celerity (c) and the angular frequency (ω) for each test. 
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Table F.4 in the Appendix F defines the equivalent wave conditions to the ones in the 

physical model Series A and Table F.5 does it for Series B respectively. Wave conditions 

in both tables were defined for linear regular waves by Appling Equation (7.5). 

Simulations defined by Table F.4 were used during the model validation for comparing 

the three different equations (Equation (7.2), Equation (7.4) and Equation (7.5)) for the 

wave generation mass source and the middle orifice diameter (44 mm). Simulations 

defined in both, Table F.4 and Table F.5, where used to define the simulations for the 

validation of the three orifice diameters and later for the additional test section (Section 

7.4). 

7.3. Model validation 

This section presents the implementation of the model validation procedure and 

ultimately the validation of the model itself. This validation is based in two main pillars, 

the optimisation of the numerical model by means of achieving a compromise between 

the spatial discretization and the computational times; and the validation of the 

numerical model by comparing it with the experimental data. The numerical model 

validation has been structured into four stages: 

7.3.1. Validation methodology 

The methodology followed to validate the numerical model was by comparing 

equivalent temporal data sets for an equivalent experiment and simulation. Three main 

variables have been considered for this validation: (i) the air mass flow (ṁ), (ii) the 

differential air pressure (Δp) and (iii) the free surface elevation along the flume and at 

the OWC Chamber. 

The comparison of the different numerical and experimental data sets was done by 

means of a series of various program scripts 13  written in the mathematical analysis 

language MATLAB. Examples of the output can be found in Section 7.3.2 and 

Section 7.3.4. This analysis has been done in various stages: 

                                                        
13 Note that all scripts were written by the Author 
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At a first stage, when a numerical simulation was completed – i.e., the stopping 

criteria for the maximum physical time was reached – the data monitors for the different 

magnitudes (air pressure, air mass flow, free surface oscillations and water velocity) were 

exported from the STAR-CCM+ manually and recorded in the respective csv files at a 

specific directory for each different simulation. 

At a second stage, data from the different csv files were extracted and set up according 

to the following steps:  

i. the numerical wave gauges, air pressure, air mass flow through the orifice and 

water velocity data from the respective csv files were read; 

ii. the air mass flow data are corrected by multiplying them by 2 to account for 

the symmetry assumption of the model (see Section 7.2.3.3); 

iii. the fractions of wet area data from the numerical wave gauges are interpolated 

into new free surface elevation data following the respective conversion 

coefficients determined for each numerical wave gauge; 

iv. the four data sets converted are down sampled from the numerical to the 

physical sampling rate – i.e., the numerical simulations were sampled with a 

sampling frequency of 200 Hz and the physical experiments with 20 Hz, a 

resampling of the numerical data is of a good practise in order to reduce the 

computer RAM and hard drive memory usage; and 

v. the different data sets are recorded in the appropriate file structure for each 

variable and in a general one with the same structure as for the physical 

experiments. 

At the final stage, data with the correct format are compared with their equivalent 

ones from the physical modelling Series A or Series B and the 𝑅2  and NRMES were 

calculated by applying the following procedure:  

i. the equivalent numerical simulation and experimental test data are loaded; 

ii. the delay between signals is determined by comparing either the position of 

the second peak, or the mean position of the peaks for the different signals; 
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iii. the delayed signals are corrected; 

iv. the correlation coefficients (R) for each signal are determined; 

v. the Normalised Root Mean Square Error (NRMSE) between the two pairs of 

signals are determined; and 

vi. the new adjusted numerical data are recorded. 

7.3.2. Convergence tests 

In order to obtain a compromise between the spatial resolution and the 

computational time, and at the same time define a time step that follows the necessary 

Courant-Friedrichs-Lewy (CFL) condition, a convergence study was carried out. To 

realise this study, three different tests for the medium orifice diameter (4403, 4411 and 

4419) were considered. 

The CFL condition establishes that for the numerical model to be stable the Courant 

number (𝐶) must be equal or smaller than 𝐶𝑚𝑎𝑥. The courant number is defined as 

𝐶 = ∆𝑡 ∑
𝑢𝑥𝑖

∆𝑥𝑖

𝑛

𝑖=1

≤ 𝐶𝑚𝑎𝑥  (7.12) 

where ∆𝑡 is the time step, 𝑢𝑥𝑖
 is the magnitude of the velocity in the i-th dimension, ∆𝑥𝑖 

is the cell length in the i-th dimension and 𝐶𝑚𝑎𝑥, is the threshold for the method to be 

considered as stable – i.e., for the implicit method used in this thesis 𝐶𝑚𝑎𝑥 = 1. 

Considering the cell sizes defined in Section 7.2.2 the different range of velocities 

expected in the computational domain – i.e., values of wave celerity ranging from 1.5 m/s 

to 2.2 m/s and estimating the air flow velocities through the orifices to range between 

1.0 m/s and 5.0 m/s - time steps between 0.05 s and 0.001 s were expected. Three 

different time step ranges where defined ( ∆𝑡1 = 0.05 𝑠 , ∆𝑡2 = 0.01 𝑠 , ∆𝑡3 = 0.005 𝑠 ,  

∆𝑡4 = 0.0025 𝑠, and ∆𝑡5 = 0.001 𝑠).  

The second parameter to consider at this convergence study was the truncation or 

stopping condition, used to define the number of inner iterations inside one time step. 

Three conditions, using a fix number of inner iterations as a threshold for the truncation, 
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were considered – i.e., and the Inner Iteration Threshold (IIT) parameter was defined 

for the values of 5, 10 and 15 iterations respectively. 

Finally, a grid independence analysis was also carried out as part of this convergence 

study. This was done using the four grids defined in Table 7.5 and Table F.1 at the 

Appendix F. 

A total number of 180 numerical simulations with simulation times varying from 4 

hours to 10 days were conducted. From Table F.6 to Table F.21, at the Appendix F, 

present the correlation coefficient (𝑅2) and the Normalised Root Mean Square Error 

(NRMSE); between the physical experiments and the numerical simulations for the 10 

surface elevation measures, the differential pneumatic pressure (∆𝑝) and the mass flow 

(�̇�) for all the 180 simulations. Table F.22, Table F.23, Table F.24 and Table F.25 present 

the mean, minimum, maximum and standard deviation (σ) for differential pneumatic 

pressure and the mass flow14 for each one of the 11 optimisation parameters (GA,GB, GC, 

IIT01, IIT02, IIT03, ∆𝑡1, ∆𝑡2, ∆𝑡3, ∆𝑡4 and ∆𝑡5). In addition, the mean of 𝑅2 and NRMSE 

are represented in Figure 7.7 and Figure 7.8 for ∆𝑝 and �̇� respectively. 

Additionally, two different positions for the source region used as a wave maker were 

tested to understand its influence. The two positions SA and SB defined in Section 7.2.2.2 

were tested here, finding that there were small differences between both, and so SA was 

selected. It was also checked that there were no differences between a model where the 

symmetry assumption was used and another where this was not – i.e., the computational 

domain of the first model represents the full flume and model instead of just half as in 

the other. 

 

 

 

 

 

 
                                                        

14 Note that the mass flow rate (ṁ) is used in this section rather than the volumetric flow rate (q) used in 
previous sections, because ṁ is a direct measure obtained from the numerical simulations. 
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Figure 7.7: Mean correlation coefficient (R2) – left column – and mean Normalised Root Mean Square Error 

(NRMSE) – right column – versus: the time step (∆𝒕) and the Inner Iteration Threshold (IIT) for each one of the 
convergence tests; the differential pneumatic pressure (∆𝒑); and grids GA, GB, GC and GD. 

 

 
Figure 7.8: Mean correlation coefficient (R2) – left column – and mean Normalised Root Mean Square Error 

(NRMSE) – right column – versus: the time step (∆𝒕) and the Inner Iteration Threshold (IIT) for each one of the 
convergence tests; the mass flow (�̇�); and grids GA, GB, GC and GD. 
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From the interpretation of the tables and figures mentioned in this section, the 

following conclusions can be drawn from this convergence study: (i) for ∆𝑡 values lower 

than 0.01 s a poor agreement is found while for larger values, both 𝑅2 and NRMSE are, 

in general, more constant; (ii) the Inner Iteration Threshold (IIT) does not present a 

significant effect in the convergence; (iii) the resolution of the grid, generally, does not 

seem to present a large effect on the performance of the simulations, only an increase in 

the NRMSE for the grids using cubic cells (i.e., GA and GB); and (iv) the two grids with 

the rectangular cells present the better agreement. In sum, ∆𝑡 is the parameter which has 

the strongest influence in the convergence of the simulations, as it has a direct influence 

on the courant number (C). 

7.3.3. Accuracy and limitations 

From the results of the previous section it was clear that the best performing set of 

parameters, considering simulation times, resolution and effectiveness of the parameter, 

where (GC, GD, ITT=05, and ∆𝑡 = 0.005 𝑠). The two possible combinations between 

these parameters (the one for Grid C and the one for Grid D) define to similar numerical 

models with different spatial resolutions. On the one hand, Grid C defines a much more 

detailed grid that will allow a better discretization of the phenomena occurring at the 

model, while Grid D presents a simplified version of the first one. On the other hand, 

Grid C is defined by approximately 13 times more cell elements than Grid D, which 

increases drastically the simulation times. 

Considering the early stage of development of the hybrid energy converter (see 

Chapter 4), the main parameters of study are: the power performance and maybe some 

general wave field interaction parameters (i.e., the wave reflection, wave transmission, 

the RAOs and the wave run-up). It is in relation to this and on the priority to develop a 

model where a low computational time will prevail over a high spatial resolution, at this 

stage of development, that, the selection of Grid D comes as the more rational choice for 

implementing the simulations for the following sections (i.e., validation of the model and 

additional simulations). 
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7.3.4. Validating the model 

Once the convergence study was finished and the grid, the number of iterations and 

time step were selected - considering the requirements of the numerical model - the next 

step proceeds with the validation of the model. For this, Table F.4 at Appendix F was 

used to define the respective simulations considering Equation (7.2) as the input for the 

mass source and the middle orifice diameter (44 mm) – note that each one of the 

simulations was run for a total physical time of 30 s which for the mesh GD means a total 

computational time of 5-7 hours. Table F.26 and Table F.27 at Appendix F present the 

values of the correlation coefficient (𝑅2) and the Normalised Root Mean Square Error 

(NRMSE) obtained by comparing this first set of simulations with the respective ones 

from the experimental model. From its analysis, it can be observed that even though the 

model presents a good agreement in terms of 𝑅2, when it comes to the NRMES this varies 

significantly with the wave period, as it can be appreciated for the differential pneumatic 

pressure (∆𝑝) and the mass flow (�̇�) in Figure 7.9. 

 

 
Figure 7.9: Correlation coefficient (R2) – left column – and Normalised Root Mean Square Error (NRMSE) – right 
column – for the differential pneumatic pressure (∆𝒑) – top row –and the mass flow (�̇�) – bottom row- versus: the 
wave period and wave height for each one of the simulations considering grid GD and Equation (7.2) for the mass 

source (data for the simulations correspond to Table F.4 at the Appendix F). 
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Based on the large variation of the NRMSE with the wave period it was decided to 

develop a new approach for the equation that defines the rate of mass passing through 

the source region, replacing Equation (7.2) with Equation (7.4) (see Section 7.2.2.1). 

Table F.28 and Table F.29 at Appendix F present the values of 𝑅2 and RMSE obtained 

for this new set of simulations, which are represented in Figure 7.10 for the differential 

pneumatic pressure (∆𝑝) and the mass flow (�̇�) versus the wave height and wave period. 

From their analysis, it can be appreciated that while values of 𝑅2 keep, in general, quite 

similar to the previous set of simulations; the new approach reduces, in general, the 

NRMSE, but overall the strong dependency with the wave period is reduced now. 

However, there are still some large values of NRMSE for the shortest two wave periods 

(7 s and 8 s) and for the differential pneumatic pressure also for the largest one. 

 

 

 
Figure 7.10: Correlation coefficient (R2) – left column – and Normalised Root Mean Square Error (NRMSE) – right 
column – for the differential pneumatic pressure (∆𝒑) – top row –and the mass flow (�̇�) – bottom row- versus: the 
wave period and wave height for each one of the simulations considering grid GD and Equation (7.4) for the mass 

source (data for the simulations correspond to Table F.4 at the Appendix F). 
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Although the new approach followed with Equation (7.4) presents better results than 

the first one, when this was applied to the computational domain with the extended 

width (see section 7.4.2), large discrepancies in the amplitude of the signals (so, large 

NRMES values) were found. This lead to the definition of a completely new approach for 

the equation that defines the rate of mass passing through the source region (see Section 

7.2.2.1), proposing now Equation (7.5) which includes this time a correction term for the 

mass source amplitude (Equation (7.6)) dependent on the wave number (k), the wave 

frequency (ω), the water depth (h) and the position of the source region. Table F.30 and 

Table F.31 at the  Appendix F present the values of 𝑅2 and NRMSE obtained for this third 

set of simulations, which are represented in Figure 7.11 for the differential pneumatic 

pressure (∆𝑝) and the mass flow (�̇�) versus the wave height and wave period. From its 

analysis, it can be appreciated that this new approach present a much better agreement 

with the experimental campaign data, in both 𝑅2 and NRMSE, being now the values of 

NRMSE, in general, quite stable with the wave period. 

 

 
Figure 7.11: Correlation coefficient (R2) – left column – and Normalised Root Mean Square Error (NRMSE) – right 
column – for the differential pneumatic pressure (∆𝒑) – top row –and the mass flow (�̇�) – bottom row- versus: the 
wave period and wave height for each one of the simulations considering grid GD and Equation (7.5) for the mass 

source (data for the simulations correspond to Table F.4 at the Appendix F). 
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In the light of the better agreement obtained for the validation of the simulations 

considering Equation (7.5) for the mass source. The validation of the numerical model 

was extended to the other two additional orifice diameters (30 mm and 51 mm) and the 

wave conditions defined in Table F.5 at the Appendix F. Furthermore, Values of 𝑅2 and 

NRMSE for these new set of additional simulations can be find from Table F.32 to Table 

F.41 at the Appendix F, which are represented in Figure 7.12 for the differential 

pneumatic pressure (∆𝑝) and in Figure 7.13 for the mass flow rate (�̇�) versus the wave 

height and wave period. 

 

 

 
Figure 7.12: Correlation coefficient (R2) – left column – and Normalised Root Mean Square Error (NRMSE) – right 
column – for the differential pneumatic pressure (∆𝒑) and the three orifice diameters (30 mm – top row -, 44 mm – 
middle row – and 51 mm – bottom row), versus: the wave period and wave height for each one of the simulations 
considering grid GD and Equation (7.5) for the mass source (data for the simulations correspond to Table F.4 and 

Table F.5 at the Appendix F). 
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Figure 7.13: Correlation coefficient (R2) – left column – and Normalised Root Mean Square Error (NRMSE) – right 

column – for the mass flow (�̇�) and the three orifice diameters (30 mm – top row -, 44 mm – middle row – and 
51 mm – bottom row), versus: the wave period and wave height for each one of the simulations considering grid GD 

and Equation (7.5) for the mass source (data for the simulations correspond to Table F.4 and Table F.5 at the 
Appendix F). 

 

From the analysis of the full set of data for the simulations considering Equation (7.5) 

for the mass source, the following conclusions can be drawn: (i) similar values of the 

NRMSE are found for the three orifice diameters (ranging the mean values for Δp and ṁ 

between 9% and 11%, and between 9% and 20% including all the additional free surface 

elevation measures); (ii) the two smallest wave periods (7 s and 8 s) present higher values 

of the NRMSE; (iii) 𝑅2 presents in general high values, showing a good agreement of the 

numerical model with the experimental campaign (ranging the mean values for Δp and 

ṁ between 0.93 and 0.90, and between 0.93 and 0.78 including all the additional free 

surface elevation measures); and (iv) simulations with large wave heights (H > 2.25 m) 
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and short wave periods (T < 10 s) present a reduction in the values of 𝑅2which is justified 

by the increase of the non-linear effects at these wave conditions. 

Figure 7.14 and Figure 7.15 present an example comparing the time series for 

differential pneumatic pressure (Δp) and the mass flow (ṁ) between data from the 

respective numerical simulation and experimental campaign test. Furthermore,  

Figure 7.16 does it also for three different free surface elevation measurements (𝜂𝑊𝐺06, 

𝜂𝑊𝐺09 and 𝜂𝑈𝑊𝐿02) – data from these series are from the experiments 3011. 

 

 

 
Figure 7.14: Instantaneous pneumatic pressures (Δp) between the numerical simulations and the physical modelling 

results (signals are for the test number 3011 at Series A; dimensions are at model scale). 

 

 
Figure 7.15: Instantaneous air mass flow rates (ṁ) between the numerical simulations and the physical modelling 

results (signals are for the test number 3011 at Series A; dimensions are at model scale). 
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Figure 7.16: Free surface elevations η(t) comparing three different sensor measurements - at the front of the model 
WG_06 (top graph), at the chamber’s free surface UWL_02 (centre graph) and the transmitted free surface WG_09 

(bottom graph), between the numerical simulations and the physical modelling results (signals are for the test number 
3011 at Series A; dimensions are at model scale). 
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Furthermore, form the detailed analysis of the individual variables, it can be noted 

that: (i) data from the wave gauges closer to the wavemaker/source region (WG_01 and 

WG_03) present lower 𝑅2 values and higher ones for NRMSE than the ones closer to the 

model; (ii) data from OWC chamber’s free surface oscillation present high 𝑅2 and low 

NRMSE values; (iii) the two fundamental parameters to measure the performance of an 

OWC, the differential pressure (Δp) and mass flow rate (ṁ) are among the ones showing 

the best correlations and lower errors; and (iv) some of the simulations for the two larger 

wave heights (H = 3.75 m and H = 4.25 m) failed as the source region was too high for 

the wave height to be reproduced (i.e., the necessary condition for the mass source to be 

completely submerged at all the time during the simulation was not achieved), future 

research should explore lower positions for the source region to accurately reproduce 

these simulations. 

In the light of the results obtained from the validation of the numerical model it can 

be concluded that a numerical mirror of the experimental set-up defined for the 

experimental campaign in Chapter 5 has been validated now for regular linear waves. It 

is worthy to remark that this validation has been achieved showing high 𝑅2 and low 

NRMSE, not only for the two fundamental variables to evaluate the performance of an 

OWC (Δp and ṁ) but also for the free surface around and inside the model. 

7.4. Additional simulations 

7.4.1. Power performance 

Once the numerical model was validated, the same set of tests used at the final stage 

of the validation - i.e., considering wave condition in Table F.4 and Table F.5 at the 

Appendix F and Equation (7.6) as input for the mass source – were used to study the 

performance of the WEC sub-system of the hybrid energy converter and compare this 

with the ones from the experimental model. The performance of the device is quantified, 

for the numerical model, with the mean power output (𝑃𝑚) and the Capture Width Ratio 

(CWR). 
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Figure 7.17: Variation of the pneumatic power (Pm) with the wave period and wave height, or power matrix, for the 

three orifice diameters, from top to bottom 30 mm, 44 mm and 51 mm for the simulations with the same domain 
width as in the experimental campaign. 
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Figure 7.18: Variation of the capture width ratio (CWR) with the wave period and wave height, or power matrix, for 
the three orifice diameters, from top to bottom 30 mm, 44 mm and 51 mm for the simulations with the same domain 

width as in the experimental campaign. 
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Table F.42 and Table F.43 at the Appendix F present the mean and maximum 

pneumatic power (𝑃𝑚 and 𝑃𝑚𝑎𝑥) values for each numerical simulation and Table F.44 and 

Table F.45 do it for the incident wave (𝐻𝑖𝑤) and the Capture Width Ratio (CWR). Values 

of 𝑃𝑚 and CWR for each simulation conditions and the three different orifice diameters 

(30 mm, 44 mm and 51 mm) are represented in the respective power and capture width 

matrices in Figure 7.17 and Figure 7.18. Comparing both sets of matrices with their 

respective ones from the experimental model (see Section 6.3.3), the following 

conclusions can be made: (i) the power matrix shows a very similar behaviour for both, 

numerical and experimental models, the numerical model reproduces the patterns of the 

experimental model -i.e., increasing the power output when the wave height increases 

and being the middle orifice diameter (44 mm) the one with the best performance; (ii) 

values of the mean power are much smaller for the numerical model, along the whole 

power matrix, this difference seems to be with a scale issue – i.e., either due to the 

numerical model reproducing a smaller incident wave height, or due to using the direct 

value of the mass flow rate instead the volumetric flow rate – and further research should 

investigate this issue; (iii) the CWR matrix shows similar ranges for both models (25%-

2%); (iv) as for the experimental model, the numerical model shows that the middle 

orifice diameter (44 mm) has the best performance and the small one (30 mm) the 

lowest; and (v) values of CWR group their maximum values for the numerical model 

around the two smaller wave periods (7 s and 8 s), unlike the experimental model where 

the region with larger efficiencies was wider. 

7.4.2. Flume enclosure effects 

As mentioned in Chapter 5, one of the limitations of the proposed experimental set-

up is the limited width of the wave flume available to conduct the experimental 

campaign. To evaluate the possible effects that the flume enclosure may has over the 

performance of the device, the numerical model was modified by increasing five times 

the numerical domain width (see Section 7.2.2.2). The performance of the device 

measured in the new extended domain was then compared with the numerical model 
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with the standard domain width and the experimental model, for the intermedium orifice 

diameter (44 mm). 

Seven different parameters were used to compare the performance between the two 

numerical models and the experimental one: (i) the power and CWR matrices, to 

compare the performance; (ii) the reflection, transmission and absorption coefficients 

(KR, KT and KA), to study the effects of the flume enclosure in the nearby wave field; and 

(iii) the free surface elevation and pneumatic pressure at the OWC chamber RAOs (RAOC 

and RAOP), to study the effects of the incident wave on the device response. 

Data from the numerical model with the extended and standard domain widths - i.e., 

free surface elevation, differential pneumatic pressure and mass flow rate - were 

processed following the same data analysis techniques as for the experimental model (see 

Section 6.2). Table F.46 and Table F.47 at the Appendix F present the values for each 

numerical simulation of the mean and maximum pneumatic power (𝑃𝑚 and 𝑃𝑚𝑎𝑥) and 

for the incident wave (𝐻𝑖𝑤) and the Capture Width Ratio (CWR) for the model with the 

extended domain width. Table F.48 and Table F.49 present the values of the reflection, 

transmission and absorption coefficients (KR, KT and KA) for both numerical models, and 

Table F.50 and Table F.51 do it for the RAOs. 

The power matrix is compared between the two numerical and the experimental 

models in Figure 7.19. There can be appreciated that, although both numerical models 

capture the same response as for the experimental one – i.e., the power output increases 

with the wave height, being the maximum for the intermedium wave periods (9 s - 13 s) 

– the values of the power output that are presenting are around half the ones in the 

experimental model. In addition, when compared both numerical models, it can be 

appreciated that the one with the extended domain width presents a reduction in the 

values of the mean pneumatic power along the whole matrix. 

Figure 7.20 shows that both numerical models reproduce similar range of CWR than 

for the experimental one. However, the one with the extended domain width present a 

response that is more similar to the experimental model – i.e., the maximum values of 
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CWR can be found in both for similar ranges of H (0.75 m – 2.25 m) and T (7 s – 10 s), 

while in the standard domain width model is focused at T = 7 s. 

 

 
Figure 7.19: Variation of the pneumatic power (Pm) with the wave period and wave height, or power matrix, for: (a) 

the numerical model with the standard width domain, at the top; (b) the numerical model with the extended width 
domain, at the middle; and (c) the experimental model, at the bottom. 
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Figure 7.20: Variation of the capture width ratio (CWR) with the wave period and wave height, or power matrix for: 
(a) the numerical model with the standard width domain, at the top; (b) the numerical model with the extended width 

domain, at the middle; and (c) the experimental model, at the bottom. 
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The reflection, transmission and absorption coefficients (KR, KT and KA) are 

compared between the two numerical and the experimental models in Figure 7.21,  

Figure 7.22 and Figure 7.23 respectively. From the analysis of the data in the tables and 

the figures, the following conclusions can be done:  

First, for the reflection coefficient (KR) it can be appreciated that: (i) KR presents, in 

general, a similar response for the three models – i.e., KR increases when the wave period 

decreases; (ii) KR data for both numerical models present a larger scattered than for the 

experimental one; and (iii) mean values of KR are larger (0.33) for the numerical model 

with the standard domain width than for the one with the extended one (0.27), while 

both are smaller than for the experimental model (0.42).  

Secondly, for the transmission coefficient (KT) it can be appreciated that: (i) KT 

presents identical responses between the experimental model and the numerical with the 

standard domain width, as both have their mean values at 0.24 and both increase when 

the wave period increases; (ii) the numerical model with the extended domain width 

shows a response of KT that it is almost independent of the wave period and is larger than 

for the other two models (being its mean 0.36); and (iii) KT data for the three models 

present a lower scatter. 

Finally, for the absorption coefficient (KA) it can be appreciated that: (i) KA presents, 

in general, a similar response for the three models – i.e., KA increases slightly when the 

wave period increases; (ii) KA data for both numerical models are more scattered than 

for the experimental one, especially for lower periods (T < 9 s); and (iii) mean values of 

KA are larger (0.89) for the numerical model with the standard domain width than for 

the extended domain with and the experimental models (0.86 and 0.87 respectively). 

In sum, the effects of the flume enclosure over the device performance for the three 

coefficients are: (i) an increased fraction of the reflected wave (between 6% and 15%); (ii) 

a reduction in the fraction of the transmitted wave (of about 12%): (iii) an effect on the 

transmitted wave, increasing the fraction of transmitted wave when the wave period 

increases, while for the extended domain keeps constant; and (iv) does not seem to 

present a significant effect in the absorption. 
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Figure 7.21: Reflection coefficient (KR) versus kh. Graphs are represented for: (a) the numerical model with the 

standard width domain, at the top; (b) the numerical model with the extended width domain, at the middle; and (c) the 
experimental model, at the bottom. 
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Figure 7.22: Transmission coefficient (KT) versus kh. Graphs are represented for: (a) the numerical model with the 

standard width domain, at the top; (b) the numerical model with the extended width domain, at the middle; and (c) the 
experimental model, at the bottom. 
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Figure 7.23: Absorption coefficient (KA) versus kh. Graphs are represented for: (a) the numerical model with the 

standard width domain, at the top; (b) the numerical model with the extended width domain, at the middle; and (c) the 
experimental model, at the bottom. 
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The variation of the Response Amplitude Operator (RAO) for both, the water level 

inside the OWC chamber and the differential pneumatic pressure inside and outside the 

OWC chamber (RAOC and RAOP), versus the wave frequency are represented in Figure 

7.24 and Figure 7.25. From the analysis of the data in the tables and the figures, the 

following conclusions can be done: 

For the RAO for the free surface oscillation at the inner OWC chamber (RAOC) it can 

be appreciated that: (i) RAOC presents, in general, a similar behaviour for the 

experimental model and the numerical model with the extended domain width, both 

tend to converge to 1 for lower frequencies – meaning that the free surface oscillation 

inside the chamber and the incident wave are in phase, and so the power output gets 

reduced – and both diverge for higher frequencies; (ii) RAOC also converge to 1 for the 

numerical model with the standard width, however, this time shows a more compact 

evolution of the response, getting its value reduced with a smaller dispersion, as the wave 

frequency increases; and (iii) mean RAOC values from both the experimental and the 

standard width models are of 0.79, and 0.93 for the numerical model with the extended 

domain width. 

For the RAO for the differential pneumatic pressure inside and outside the OWC 

chamber (RAOP) it can be appreciated that: (i) RAOP presents a very similar behaviour 

for the three models, converging for larger values of the frequency and diverging when 

the frequency decreases; (ii) RAOP increases, in general, for the three models when the 

wave period increases – this is in coherence with the better efficiency found for lower 

wave periods; and (iii) the mean values of RAOP are 0.46 for the numerical model with 

the standard width, 0.40 for the experimental model, and 0.34 for the one with the 

extended width. 

In sum, the effect of the flume enclosure on the relationship between the incident 

wave and the response of the device are: (i) Both RAOs presents a similar behaviour on 

its response versus the wave frequency; (ii) RAOC increases and RAOP decreases for the 

model with the extended width. 
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Figure 7.24: RAO for the water level inside the OWC chamber (RAOC) versus the wave frequency (f). Graphs are 

represented for: (a) the numerical model with the standard width domain, at the top; (b) the numerical model with the 
extended width domain, at the middle; and (c) the experimental model, at the bottom. 
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Figure 7.25: RAO for the pneumatic pressure inside the OWC chamber (RAOP) versus the wave frequency (f). 

Graphs are represented for: (a) the numerical model with the standard width domain, at the top; (b) the numerical 
model with the extended width domain, at the middle; and (c) the experimental model, at the bottom. 
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7.5. Conclusions of the chapter 

This chapter tackled the numerical modelling part of this thesis, defining a 3D-

numerical mirror of the experimental model defined and analysed in Chapter 5 and 

Chapter 6. A model based on a RANS equations solver with VOF free surface boundary 

condition capturing scheme (RANS-VOF) has been addressed at this chapter. This 

section sums up the main findings structuring them in the following four main parts. 

7.5.1. Definition of a numerical flume 

A novel 3D numerical flume has been developed as a mirror of the USC flume and 

experimental set-up defined in Chapter 5,. The novelty of this model is that applies the 

internal wave maker proposed by (Lin and Liu, 1999) to a 3D numerical flume, increasing 

the accuracy of the initial method by defining a novel approach for the equation that sets 

the mass rate through the source region. This is done by adapting the correction term for 

the amplitude defined by (Ha et al., 2013). A crucial advantage of using this particular 

wave generation method is that the internal wave maker does not directly interact with 

the waves, which has allowed the creation of a passive wave absorption system, by 

defining a numerical wave dissipation ramp at the upstream of the wave maker area. 

Finally, a complete set of numerical measurement tools was defined to acquire equivalent 

and accurate measurements to the ones recorded at the experimental model set-up. 

7.5.2. Model validation 

The model validation section of this chapter was carried out in four steps. First, 

defining the methodology followed to compare the data between both the numerical and 

experimental models, Then, going through the necessary convergence tests, where the 

main parameters that influence on the convergence of the model to an accurate solution 

where studied. The next step, once it was proved that the model converge to an accurate 

solution under a certain range of parameters, was to discuss the accuracy and limitations 

of the model for the proposed application in this thesis and to define a final set of 

parameters to be used in the following sections of this chapter. Finally, the validation of 
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the model was carried out, testing three different alternatives for the equation that 

defines the mass rate passing through the source region and applying the best 

performing one to all the wave conditions for regular waves. From this model validation 

section, the following conclusions can be made: 

Five different time steeps (Δ𝑡1, Δ𝑡2 and Δ𝑡3), three different Inner Iteration Threshold 

(IIT) values (5, 10 and 15) and four meshes (GA, GB, GC and GD) were tested in order to 

study the convergence of the numerical model to an accurate solution. Finding that the 

parameter that shows a stronger influence in the convergence was the time step. 

Furthermore, it was also find that the optimum compromise between accuracy, spatial 

resolution and computational time was for grid D, IIT = 0.5 and ∆𝑡 = 0.005 𝑠. 

The equation proposed by (Lin and Liu, 1999) for the mass source was implemented 

and compared with the experimental model for a set of 24 wave conditions. It was found 

that the values of the Normalised Root Mean Square Error (NRMSE) for the proposed 

model had a strong dependency with the wave period, increasing the error when the wave 

period decreases. In the light of these results, two novel approaches were defined to 

correct the mass source equation, finding that the one that adapts the correction term 

for the amplitude defined by (Ha et al., 2013) has the best performance. 

Finally, the novel approach followed for the internal wave maker was validated for a 

set of 64 wave conditions for each one of the three orifice diameters, composing a total 

of 192 numerical simulations. From their analysis, high 𝑅2 and low NRMSE values were 

found, not only for the two fundamental variables that define the performance of an OWC 

(∆𝑝 and �̇�) but also for the free surface around and inside the model. Mean 𝑅2 values 

range for Δp and ṁ between 0.93 and 0.90, and between 0.93 and 0.78 including all the 

additional free surface elevation measures, and mean NRMSE does it for Δp and ṁ 

between 9% and 11%, and between 9% and 20% including all the additional free surface 

elevation measures. Future research should be carried out to extend the accuracy of the 

model in two areas: (i) to reduce the error for the two smaller wave periods (7 s and 8 s) 

where an increase in the NRMSE values is observed, and (ii) to lower the position for the 

source region and see where it will allow to reproduce the simulations that failed for the 
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two larger wave heights (3.75 m and 4.25 m) for it to be completely submerged during all 

the simulation time. 

7.5.3. Additional simulations 

The final section of this chapter, takes over the model that was validated in the 

previous section to test a set of additional simulations to analyse (i) the power 

performance of the device under regular waves and the three different orifice diameters 

(30 mm, 44 mm and 51 mm) and (ii) the effects of the flume enclosure on the overall 

performance of the device. From these analysis, the following conclusions can be made: 

7.5.3.1. Power performance 

Data from the 192 simulations used at the final part of the model validation section 

where used to study the power and capture width matrices obtained from the numerical 

model and to compare them with the equivalent ones from the experimental model. It 

was found that: (i) both, power and CWR matrices shows similar behaviours between 

numerical and experimental models for the three orifice diameters; (ii) values of the 

mean power are much smaller for the numerical model, along the whole power matrix, 

this difference seems to be with a scale issue which should be investigated in further 

research; (iii) the CWR matrix shows similar range of values for both models, however, 

the numerical model shows a region where the maximum values of the CWR that is more 

concentrated than for the experimental model. 

7.5.3.2. Flume enclosure effects 

The effect of the flume enclosure om the overall performance of the device was 

studied by means of seven different parameters – i.e., power and CWR matrices, the 

reflection, transmission and absorption coefficients (KR, KT and KA) and the free surface 

elevation and pneumatic pressure at the OWC chamber RAOs (RAOC and RAOP). These 

parameters were considered to compare the simulations from both numerical models, 

the one with the extended domain with and the standard domain width, against the 

experimental model. From the analysis of these indicators, the following conclusions 

were found: 
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The effects of the flume enclosure on the power and capture width matrices of the 

device are: (i) both scenarios (the one with enclosed flume and the one with the extended 

one) are able to capture the same behaviours in both matrices, showing maximum 

powers at large wave heights and maximum efficiencies at lower wave heights and 

periods; (ii) the power matrix shows a considerable reduction the values of the power 

output; (iii) both numerical models (with extended and standard domain widths) shows 

much lower values of the power output than the ones for the experimental model; (iv) 

the CWR matrix shows similar range of data and behaviours between the scenario with 

and without enclosed flume, even though, the numerical model that best represents what 

is observed at the experimental model is the one with the extended domain width. 

The effects of the flume enclosure over the device performance for the reflection, 

transmission and absorption coefficients are: (i) an increased fraction of the reflected 

wave (between 6% and 15%); (ii) a reduction in the fraction of the transmitted wave (of 

about 12%): (iii) an increase in the fraction of transmitted wave when the wave period 

increases was found for the experimental and standard domain numerical models, while 

for the extended domain width numerical model this keeps constant; and (iv) does not 

seem to present a significant effect in the absorption. 

Finally, the effects of the flume enclosure over effects of the incident wave on the 

device response are: (i) Both RAOs presents a similar behaviour on its response versus 

the wave frequency; (ii) RAOC increases and RAOP decreases for the model with the 

extended width. 
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“Negative results are just what I want.  

They’re just as valuable to me as positive results.  

I can never find the thing that does the job best until  

I find the ones that don’t.” 

Thomas Edison 
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8.1. Conclusion 

The evaluation of a WEC sub-system of a hybrid wind-wave energy converter 

contained herein began in Chapter 1 with the description of the context and the scope of 

this research. An OWC was considered, to be integrated with a monopile type of offshore 

wind substructure, as the WEC sub-system of the hybrid device. First, an initial 

assessment of this concept was considered and a prototype defined. Then, the remaining 

of the thesis was focused in the definition of a set of tools and methods to be used in the 

future development of the hybrid device. This was tackled in a two-fold approach, 

combining physical and numerical modelling tools. A number of methods was finally 

defined, evaluated and compared, setting the basis for future research and optimisation 

of the proposed hybrid prototype. 

Chapter 2 reviewed the state of the art of combined offshore wind and wave systems, 

going through the most relevant aspects related to the combination of both technologies. 

It has defined the different areas related to these systems aiming to establish a reference 

frame to be used in future research and developments. The different combined wind-

wave systems studied so far were reviewed presenting a novel classification based on the 

extent to which the wave and offshore wind technologies are linked. It distinguishes the 

combined wind-wave systems into: co-located, hybrid, and island systems. The 

classification presented in the chapter was completed by: First, introducing the resource, 

potential and sustainability for combined wind-wave system. Secondly, discussing the 

different technological and legislative synergies between offshore wind and wave 

energies, as the main supporting argument for both to be combined. Thirdly, presenting 

the previous research and work on combined systems, giving special attention to already 

existing concepts. Finally, describing briefly the offshore wind and wave energy 

technologies. 

In Chapter 3, the review of the OWC technology and its previous research was tackled. 

The most updated literature in oscillating water column WEC type of technology was 

presented; including: a complete description of the OWC technology, examples of the 
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most representative OWC systems tested so far, the concepts to be considered to model 

an OWC system and previous research carried out physical and numerical modelling of 

OWCs. Particular attention to the definition of the three main components of an OWC 

was paid, being these as follows: (i) the OWC chamber, (ii) air turbines for OWC and (iii) 

control strategies for OWC. 

Chapter 4 defines a bottom-fixed hybrid wind-wave energy converter, where an OWC 

was considered for the WEC sub-system and a monopile and jacket frame as 

substructures. The main concepts and criteria that need to be considered for the 

evaluation of a hybrid concept, and how these relate to the development of a novel 

concept, were tackled first. From this review, a set of requirements to be considered when 

defining a novel hybrid concept were proposed. A conceptual design for the hybrid wind-

wave energy converter was proposed and two configurations defined, one where the 

OWC was mounted on a monopile and the other considering a jacket frame. 

From the techno-economic feasibility assessment of both configurations three main 

outcomes where find: (i) the co-location was seen as a very positive approach to step into 

the offshore wound industry with very low risks, however, the high costs of doing this 

with the current substructure systems makes it unlikely; (ii) the monopile configuration 

is the one that presents more difficulties for integration as it presents a larger sensibility 

to the increase of the loads on the structure, however, it is also a wide cheaper solution 

than the jacket frame at the time that presents a number of additional advantages; and 

(iii) retro-engineering existent wind farms was considered as not feasible, as either the 

difficulty of assembly and mount the OWC chambers offshore or either the sensibility to 

additional loads of the substructures present high levels of risks.  

On the basis of these findings, an initial description of a hybrid prototype was drawn. 

This prototype defines a WEC sub-system that has the capability to self-adapt to the 

different wave heights, tidal ranges as well as the direction of the incoming waves was 

presented. Finally, the framework of the work carried out in this thesis is defined within 

the development of the hybrid prototype, being this thesis focused in the first step where 
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the required tools and processes for the further optimisation and evaluation of the device 

are defined. 

In Chapter 5, the materials and methods for the physical modelling part of the thesis 

was presented. First, the experimental facility where the physical modelling 

experimental campaign was carried out was described. Secondly, a physical model based 

on a simplified version of the WEC sub-system of the hybrid energy converter prototype 

described in Chapter 4 was defined. Thirdly, the different types of instrumentation used 

during the test were defined. Fourthly, the experimental set-up was thoroughly 

described. In fifth place, the limitations and errors intrinsic to the experimental set-up 

were discussed. Sixthly, the methodology followed during the experimental campaign 

was detailed. Finally, the experimental programme carried out during the experiments 

was described. To select the wave conditions for this study, a reference site in 20 m of 

water depth - close to the port of “A Guarda” (NW of Spain) – was considered. Then, the 

experimental campaign was divided into three different blocks, such as: (i) regular 

waves, including linear and non-linear waves; (ii) irregular waves, including standard 

irregular waves (considering a JONSWAP spectrum), a spectral shape analysis 

(comparing a JONSWAP and a Pierson-Moskowitz spectra) and a wave period influence 

analysis (considering a JONSWAP spectrum); and (iii) repeatability. 

Chapter 6 tackled the analysis and discussion of the data from the physical modelling 

experimental campaign. The set of procedures and techniques, used to analyse the power 

output and hydrodynamic performance of the proposed model, were defined as a mean 

to set a reference for future evaluations and optimisation of the device. First, the 

implementation of the data analysis, procedures and techniques used to process the raw 

data from the experiments was thoroughly described. Then, the experimental results for 

the regular waves, irregular waves and repeatability tests were analysed and discussed. 

From the regular waves part of this chapter, the following conclusions can be 

outlined:  

 The device present values of the mean power output that range around 

300 kW for the selected configuration and turbine damping values, being this 
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range similar to what has been seen in the literature review, as for example in 

the database proposed in (Babarit, 2015). 

 Anew coefficient relating the maximum and the mean power outputs was 

defined, the maximum to mean power coefficient (χmax), from its analysis it 

was found that maximum power for regular waves is between 2.6 and 3.8 

times higher than the mean power. 

 The reflection, transmission and absorption coefficients (KR, KT and KA) were 

determined and the incident wave defined to be used as reference; it was 

found that the three coefficients present a strong dependency with the wave 

period, increasing KT and KA and decreasing KR when the period increases, as 

for other WECs published in (Zanuttigh et al., 2013, Fernandez, 2012). 

 The Power and CWR matrices where determined for the device, finding the 

maximum power output for larger wave heights and periods ranging from 8 s 

to 13 s, while the CWR increase for lower wave heights and periods; in 

addition, the best performance was found for the middle orifice diameter and 

the lower performance for the smaller orifice diameter.  

 The RAOs for the air pressure and the free surface oscillation inside the OWC 

chamber (RAOP and RAOC) were studied, finding that RAOP increases and 

RAOC decreases when the wave frequency increases, and RAOC converges to 1 

for lower frequencies.  

 The turbine damping and its influence on the overall performance of the 

device has been studied, finding that the non-dimensional wave height (H*) 

and period (T*) and the damping coefficient (B*) are clearly dependent, the 

smaller the non-dimensional wave height, the higher the value of the damping 

coefficient which maximises the CWR, and vice versa.  

 The wave run-up at the frontal face of the OWC chamber and at the monopile 

was studied, it was found that the wave run-up is driven by both the wave 

height and period being the effects of the wave height predominant over the 

wave period.  
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 Finally, a comparison between linear and non-linear regular waves was 

carried out for the overlapping wave height between both series (H = 1.75 m), 

finding that that tests studied under linear waves (Series A) over predict the 

mean pneumatic power and the CWR in comparison with the tests studied 

under non-linear waves (Series B). 

From the irregular waves part of this chapter, the following conclusions can be 

outlined: 

 The pneumatic power output of the hybrid energy converter for irregular 

waves shows a similar response as for regular waves, with the difference that 

this time the mean values of the mean pneumatic power (Pm) are smaller, 

being around 250 kW. 

 The analysis of the maximum to mean power coefficient (χmax) showed values 

of the maximum power 13th times larger than the mean power, in mean, with 

maximum values from up to 20-25 times. 

 The reflection, transmission and absorption coefficients (KR, KT and KA) 

showed a strong dependency with the wave period (as for regular waves), KR 

decreases and both KT and KA increase when the wave period increases. 

 The mean power output and CWR show a more stable performance for 

irregular than for regular waves, being, in mean values, smaller the values of 

the power output and CWR for irregular waves. 

 Both RAOs were determined for irregular waves, finding similar results as for 

regular waves, being the behaviours of both RAOs opposed, RAOC increases 

and RAOP decrease when the wave frequency increases. 

 The turbine damping and its influence on the overall performance of the 

device was studied for irregular waves, however, due to the limited number of 

sea states tested at the irregular waves series, it was not possible to 

understand how the turbine damping relates to the non-dimensional wave 

height and non-dimensional wave period, as well as to the CWR. 
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 The wave run-up phenomena observed for irregular waves is similar to the 

one observed for regular waves when looked at the significant run-up 

coefficient (CS), however, the maximum run-up coefficient (Cmax) showed 

much larger extremal values and a direct dependency with the wave height 

and period. 

 The spectral shape has shown to not have a significant effect on the 

performance of the hybrid energy converter, most parameters studied present 

the same response for both spectral shapes, with the exception of two of them, 

the mean power output and the CWR, which present slightly better results for 

the JONSWAP spectrum. 

 Finally, the wave period influence analysis for irregular waves has brought 

some light on the influence of the wave period over χmax and Cmax, the two 

parameters have shown now to be generally dependent with the wave period, 

increasing both for larger and smaller values of the wave period and showing 

a minimum for the intermedium ones. 

The final part of this chapter went through a series of repeatability tests, where the 

correlation coefficient (𝑅2) and the Normalised Root Mean Square Error (NRMSE) were 

determined for sixteen different parameters going from wave gauge signal values to the 

instantaneous pneumatic power output results. Highly correlation values and low errors 

were found for both regular and irregular waves – i.e., reaching mean values of 𝑅2 higher 

than 0.96 and NRMSE smaller than 13.4% for regular waves and 0.98 and 6.1% for 

irregular waves. These results certify the quality of the experimental facility and set-up. 

Finally, Chapter 7 went through the numerical part of this thesis, defining a 3D-

numerical mirror of the experimental model from Chapter 5 and Chapter 6. A model 

based on RANS equations solver with VOF free surface boundary condition capturing 

scheme (RANS-VOF) was used in this chapter. The novelty of this model is that applies 

the internal wave maker proposed by (Lin and Liu, 1999) to a 3D numerical flume, 

increasing the accuracy of the initial method by defining a novel approach for the 

equation that sets the mass rate through the source region. This is done by adapting the 
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correction term for the amplitude defined by (Ha et al., 2013). A crucial advantage of 

using this particular wave generation method is that the internal wave maker does not 

directly interact with the waves, which has allowed the creation of a passive wave 

absorption system, by defining a numerical wave dissipation ramp at the upstream of the 

wave maker area. 

From the model validation part of this chapter, the following conclusions can be 

outlined: 

 Five different time steeps (Δ𝑡1, Δ𝑡2 and Δ𝑡3), three different Inner Iteration 

Threshold (IIT) values (5, 10 and 15) and four meshes (GA, GB, GC and GD) 

were tested in order to study the convergence of the numerical model to an 

accurate solution. Finding that the parameter that shows a stronger influence 

in the convergence was the time step, and that the optimum compromise 

between accuracy, spatial resolution and computational time was for grid D, 

IIT = 0.5 and ∆𝑡 = 0.005 𝑠. 

 The equation proposed by (Lin and Liu, 1999) for the mass source used and 

compared with the experimental model for a set of 24 wave conditions. It was 

found that NRMSE for the proposed model had a strong dependency with the 

wave period, increasing the error when the wave period decreases. In the light 

of these results, two novel approaches were defined to correct the mass source 

equation, finding that the one that adapts the correction term for the 

amplitude defined by (Ha et al., 2013) has the best performance. 

 Finally, the novel approach followed for the internal wave maker equation was 

validated for a set of 64 wave conditions for each one of the three orifice 

diameters, composing a total of 192 numerical simulations. Mean 𝑅2 values 

range for Δp and ṁ between 0.93 and 0.90, and between 0.93 and 0.78 

including all the additional free surface elevation measures. Mean NRMSE 

does it for Δp and ṁ between 9% and 11%, and between 9% and 20% including 

all the additional free surface elevation measures. 
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From the additional simulations part of this chapter, the following conclusions can 

be outlined: 

 The 192 simulations, from the model validation, where used to study the 

power and capture width matrices and to compare them with the equivalent 

ones from the experimental model. It was found that: (i) both, power and 

CWR matrices shows similar behaviours between numerical and 

experimental models for the three orifice diameters; (ii) values of the mean 

power are smaller for the numerical model; (iii) the CWR matrix shows 

similar range of values for both models, however, the numerical model shows 

a region where the maximum values of the CWR that is more concentrated 

than for the experimental model. 

 The effects of the flume enclosure on the power and CWR matrices was 

studied, finding that: (i) both scenarios (the one with enclosed flume and the 

one with the extended one) are able to capture the same behaviours in both 

matrices, showing maximum powers at large wave heights and maximum 

efficiencies at lower wave heights and periods; (ii) the power matrix shows a 

small reduction the values of the power output; (iii) both numerical models 

(with extended and standard domain widths) shows much lower values of the 

power output than the ones for the experimental model; (iv) the CWR matrix 

shows similar range of data and behaviours between the scenario with and 

without enclosed flume, even though, the numerical model that best 

represents what is observed at the experimental model is the one with the 

extended domain width. 

 The effects of the flume enclosure over the device performance for the 

reflection, transmission and absorption coefficients are: (i) an increased 

fraction of the reflected wave (between 6% and 15%); (ii) a reduction in the 

fraction of the transmitted wave (of about 12%): (iii) an effect on the 

transmitted wave, increasing the fraction of transmitted wave when the wave 
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period increases, while for the extended domain keeps constant; and (iv) does 

not seem to present a significant effect in the absorption. 

 Finally, the effects of the flume enclosure over effects of the incident wave on 

the device response are: (i) Both RAOs presents a similar behaviour on its 

response versus the wave frequency; (ii) RAOC increases and RAOP decreases 

for the model with the extended width. 

In sum, this thesis presents a complete evaluation of the WEC sub-system of a hybrid 

wind-wave energy converter. First, integrating previous works to produce a complete 

review of the combined offshore wind and wave energies, reviewing the resource, their 

common synergies, presenting a comprehensive classification of the solutions, and 

discussing the stage of development, challenges and prospects of the different 

technologies involved in this nascent, and promising sector. Secondly, a complete review 

of the OWC technology was presented. In third place, a feasibility analysis of a novel 

hybrid concept was studied and a prototype was defined as its output. The prototype 

integrates an OWC energy converter on a monopile kind of offshore wind substructure. 

A physical modelling test campaign has been carried out, where a simplified version of 

the device was considered. This campaign has served to set a baseline scenario and to 

define a number of tools and methodologies for a future analysis and optimisation of the 

prototype. Finally, a numerical mirror of the wave flume and the experimental model 

was defined, optimised and validated. On the basis of the validated model additional 

simulations were conducted to study the flume enclosure effects on the device 

performance. 

8.2. Outlook 

The sustainable development of offshore wind and ocean energy requires an efficient 

use of the natural resources - i.e., one that optimises their exploitation. It is in relation to 

this and the challenge, common to both industries, to reduce costs that the incentive for 

integration arises. The bottom-fixed hybrid systems are one of the most promising 

alternatives for combining the harnessing of both energies, as seen in Chapter 2. This 
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thesis proposed a hybrid prototype and later evaluated its WEC sub-system. Several steps 

– besides the advancement on the TRL for this nascent prototype – need to be taken in 

order to provide the necessary knowledge and technology to meet the challenges for it to 

become a reality, such as: 

 A better understanding on how the division of the inner chamber into smaller 

chambers would affect the overall efficiency and power output is necessary. 

 Other different chamber configurations need to be addressed in order to study 

their effects on the overall performance. This include to test different shapes 

and dimensions for the chamber, as well as to change the type of foundation 

(e.g., jacket frame). 

 Further research, considering more irregular wave conditions and orifice 

diameters, needs to be conducted in order to better understand the response 

of some parameters, such as: (i) the RAOs – to understand if they are suitable 

to be applied as part of a control strategy -; (ii) the damping coefficient – to 

increase the resolution of the matrices tested so far and be able to determine 

the optimal relationship between the turbine , the sea states and the capture 

width ratio (CWR)-, and (iii) the run-up coefficient – to understand if a clear 

relationship between the run-up and the wav steepness exists. 

 The comparison between regular linear and non-linear waves needs to be 

extended to the full length of the wave conditions. This may allow to prove 

that linear waves overestimate the power output and the capture width ratio. 

 The numerical mirror, validated in the numerical modelling chapter of this 

thesis, needs to be validated also for regular non-linear waves and for 

irregular waves. 

 The numerical mirror should be the basis for the following step of 

development of this novel hybrid energy converter. Test the novel concept and 

run an optimisation process to come up with a new updated version of the 

model are the required steps to jump into the next TRL level. 
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 To understand the performance of the hybrid device under 3D conditions, by 

testing it at a wave basin must be a key step on its following TRL phase. 
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Appendix A. Physical modelling concepts 

A.1. Similitude 

The use of physical modelling during the development of a WEC is widely extended, 

and recommended in various guidelines, such as (HMRC and Marine Institute of Ireland, 

2003, Holmes, 2009). At early stages of development, WECs with a Technology 

Readiness Level (TRL) between 1 and 4, the physical modelling is a crucial and very 

important tool at the disposal of the designer. Results obtained from physical modelling 

tests should be considered and integrated into the concept development from early 

stages. 

As Hughes (1993) says, The basis of all physical modelling is the idea 
that the model behaves in a manner similar to the prototype it is 
intended to emulate. Thus a properly validated physical model can be 
used to predict the prototype under a specified set of conditions. 

A properly validated model comprises a model where all the relevant parameters 

which affects its reactions and responses, are in proportion, between the experimental 

model and the full scale prototype, and all those factors that are not in proportion have 

a negligible effect on the model. The scale factors are used to measure the 

correspondence between a relevant parameter in the model and the same parameter in 

the prototype. 

𝑁𝑋 =
𝑋𝑝

𝑋𝑚
=

𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑋 𝑖𝑛 𝑃𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒

𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑋 𝑖𝑛 𝑀𝑜𝑑𝑒𝑙
 (A.1) 

When applying the three principles of similitude to a hydraulic problem there are two 

relevant non-dimensional numbers which should be considered, these are Froude and 

Reynolds numbers. Which reflect respectively the influence of the inertial to the gravity 

and viscous forces and are given respectively by, 

𝐹𝑟𝑑 =
𝑉

√𝑔𝐿
  ~  

𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝐹𝑜𝑟𝑐𝑒𝑠

𝐺𝑟𝑎𝑣𝑖𝑡𝑦 𝐹𝑜𝑟𝑐𝑒𝑠
=

𝜌𝑉2𝐿2

𝜌𝑔𝐿3
=

𝑉2

𝑔𝐿
 (A.2) 

𝑅𝑒 =
𝑉𝐿

𝜈
  ~  

𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝐹𝑜𝑟𝑐𝑒𝑠

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝐹𝑜𝑟𝑐𝑒𝑠
=

𝜌𝑉2𝐿2

𝜇𝑉𝐿
=

𝜌𝐿𝑉

𝜇
 (A.3) 
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In this work, as most of hydraulic and coastal engineering modelling problems, the 

Froude criterion together with the geometric similarity condition were used to set the 

similarity relations between the hybrid model and prototype. This assumes that the mass 

density of the water is the same for the experimental model and the prototype15. The 

scaling ratios for the relevant physical parameters considering Froude similitude 

criterion can be seen in Equation A.2. 

These ratios are used to directly obtain the results for a full scale prototype from the 

experimental physical model. For example, using a 1:37.5 scale model, the power 

extracted would be multiplied by a factor of 37.53.5, a factor of 322,930.78. 

 
Table A.1: Similitude ratios for Froude criterion between the model and the prototype. 

Length Area Volume Time Frequency Velocity 

      
𝑁𝐿 𝑁𝐿

2 𝑁𝐿
3 𝑁𝐿

0.5 𝑁𝐿
−0.5 𝑁𝐿

0.5 

      
Acceleration Mass Force Energy Power 

      
𝑁𝐿

1 𝑁𝐿
3 𝑁𝐿

3 𝑁𝐿
4 𝑁𝐿

3.5 

       

The scale effects are the differences between the prototype and the scaled model due 

to some properties of the system which change between the two scales not being 

dependent on the Froude number. The model effects are the differences that occur due 

to the physical model not being exactly the same due to the reduced size of the model and 

the power extraction (Bailey, 2009). 

A.2. Wave theory 

The analysis in this thesis is mostly performed using linear wave theory, using the 

Stokes fifth-order non-linear wave theory to perform part of the regular wave analysis. 

This subsection overviews both theories and the validity conditions for the different wave 

                                                        
15 This is not accurate since the density of the fresh water in the wave tank is ≈ 1,000 𝑘𝑔 𝑚3⁄  and the 
density of sea water varies depending on the levels of salinity but on average is 1,025 𝑘𝑔 𝑚3⁄ , however 
the difference is considered small enough to be neglected. 
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theories. Further details about the different wave theories and thus validity are available 

in a number of standard texts - e.g., Acheson (1990), Newman (1977) and Fenton (1990). 

A.2.1 Linear wave theory 

The small-amplitude or linear wave theory developed by Airy (1845) is the most 

elementary of the wave theories, is easy to apply and gives a reasonable approximation 

of wave characteristics for a wide range of wave parameters (USACE, 2002). The linear 

wave theory represents the propagation of waves on the surface of a potential flow and 

above a horizontal bottom. The free surface elevation 𝜂(𝑥, 𝑡) of one wave component is 

then sinusoidal, and so a function of both: the horizontal position (x) and time (t) 

𝜂(𝑥, 𝑡) = 𝑎 cos(𝑘𝑥 − 𝜔𝑡) (A.4) 

where a is the wave amplitude, k the wave number and ω the angular frequency 

𝑎 =
1

2
𝐻 (A.5) 

𝑘 =
2𝜋

𝜆
 (A.6) 

𝜔 =
2𝜋

𝑇
= 2𝜋𝑓 (A.7) 

The waves propagate along the water surface with the wave celerity (c) 

𝑐 =
𝜔

𝑘
=

𝜆

𝑇
 (A.8) 

The period (T) and the wave length (λ), where h is the mean water depth 

𝑇 = 2𝜋 [
2𝜋𝑔

𝜆
tanh (

2𝜋ℎ

𝜆
)]

−1 2⁄

 (A.9) 

𝜆 =
𝑔𝑇2

2𝜋
tanh (

2𝜋ℎ

𝜆
) (A.10) 

For deep waters (i.e., when ℎ 𝑘 ≥ 1 2⁄⁄  or 𝑘ℎ ≥ 𝜋) equations (A.7) and (3.1) can be 

approximated by: 

𝜆 =
𝑔𝑇2

2𝜋
 (A.11) 

𝑐 =
𝑔𝑇

2𝜋
 (A.12) 
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A.2.2 Non-linear wave theory 

As Hughes (1993) says, 

In the strict sense, practically all the laboratory generated waves 
violate the small-amplitude assumption in deriving the first-order 
wavemaker theory. This results in unwanted wave nonlinearities 
being present in the forced waves in addition to naturally-occurring 
nonlinearities. 

Most laboratory generated waves using linear theory are not strictly linear but have 

to some extent a non-linear component. Nevertheless, this non-linear effect is usually 

neglected as it is small enough in comparison with other laboratory effects. Therefore, 

linear wave theory constitutes a useful tool for the wave energy researcher. However, 

there are numerous instances where the use of a non-linear theory is necessary. For the 

purposes of this thesis, a fifth-order Stokes Wave theory is used to study the performance 

of the hybrid wave-wind system for higher amplitude regular waves. Non-linear waves 

thus are used in this part of the analysis to study the waves with a higher wave height and 

linear waves for those with a smaller wave height. Further details about fifth-order 

Stokes theory and other non-linear wave theories can be found in (Fenton, 1985, Fenton, 

1990, Newman, 1977). 

Stokes (1847, 1880) introduces an irrotational water wave theory that utilises series 

representations of wave properties, and the accuracy of the theory depends on the 

number of terms contained in the series. Stokes’ first-order theory is identical to the 

linear theory discussed in the section before. Stokes’ second-order theory improves the 

accuracy in determining the wave profile and the breaking condition, and the successive 

third and higher order theories improve even more the accuracy of the wave profile 

(McCormick, 1981). 

For the work in this thesis, the free surface 𝜂(𝑥, 𝑡) is defined using an algorithm 

suggested by Fenton (1985) implemented using also (Fenton, 1990, Fenton and McKee, 

1990). First the wave number is calculated using the Newton’s method for a residual 

error of 1.00 x 10-5. 
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𝑓(𝑘) = (
𝑘

𝑔
)
1 2⁄

𝑐𝑆 −
2𝜋

𝑇(𝑔𝑘)
1
2

+ 𝐶0(𝑘ℎ) + (
𝑘𝐻

2
)
2

(𝐶2(𝑘ℎ) +
𝐷2(𝑘ℎ)

𝑘ℎ
)

+ (
𝑘𝐻

2
)
4

(𝐶4(𝑘ℎ) +
𝐷4(𝑘ℎ)

𝑘ℎ
) + ⋯ = 0 

(A.13) 

where: k is the wave number, T the period, h the mean water depth, H the wave height, 

𝑐𝑆  the “mass transport velocity” or “Stokes drift velocity” - which for laboratory 

experiments in tanks with closed ends, as it is the case (see Section 5.2), can be 

considered 𝑐𝑆 = 0 - and the coefficients Cn which can be found in Table A.2. 

The algorithm following Newtown’s Method is: 

𝑘0 =
4𝜋2

(𝑔𝑇2)
(1 −

4𝜋�̅�

(𝑔𝑇)
) (A.14) 

From n=0 (and n=1, 2… only if really necessary) 

𝑘𝑛+1 = 𝑓(𝑘0,1,2,…,𝑛) −
𝛿𝑓(𝑘0,1,2,…,𝑛)

𝛿𝑘
 (A.15) 

The algorithm stops if 𝑘𝑛+1 − 𝑘𝑛 < 0.000001 

Once know the value of k, with d, H and T as known variables it can be obtained the 

wave length λ from (A.6), and the wave celerity c from (A.8). Finally, the free surface is 

obtained from (A.16) - where 𝜖 = 𝑘ℎ 2⁄  is the wave steepness and the vector t is also 

known: 

𝑘 𝜂(𝑥, 𝑡) = 𝑘ℎ + 𝜖 cos(𝑘(𝑥 − 𝑐𝑡))

+ 𝜖2𝐵22 cos(2𝑘(𝑥 − 𝑐𝑡))

+ 𝜖3𝐵31(cos(𝑘(𝑥 − 𝑐𝑡)) − cos(3𝑘(𝑥 − 𝑐𝑡)))

+ 𝜖4(𝐵42 cos(2𝑘(𝑥 − 𝑐𝑡)) + 𝐵44 cos(5𝑘(𝑥 − 𝑐𝑡)))

+ 𝜖5(−(𝐵53 + 𝐵55) cos(𝑘(𝑥 − 𝑐𝑡))

+ 𝐵53 cos(3𝑘(𝑥 − 𝑐𝑡)) + 𝐵55 cos(5𝑘(𝑥 − 𝑐𝑡))) 

(A.16) 
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Table A.2: Coefficients used in Stokes theory in terms of hyperbolic functions of kh. 

B22 = coth(𝑘ℎ)(1 + 2𝑆)/ (2 (1 − 𝑆)⁄ ) 

B31 = −3(1 + 3𝑆 + 3𝑆2 + 2𝑆3) (8(1 − 𝑆)3)⁄  

B42 = coth(𝑘ℎ) (6 − 26𝑆 − 128𝑆2 − 204𝑆3 − 25𝑆4 + 26𝑆5) (6(3 + 2𝑆)(1 − 𝑆)4)⁄  

B44 = coth(𝑘𝑑) (24 − 92𝑆 − 122𝑆2 − 66𝑆3 − 67𝑆4 + 34𝑆5) (24(3 + 2𝑆)(1 − 𝑆)4)⁄  

B53 = 9(132 + 17𝑆 − 2216𝑆2 − 5897𝑆3 − 6292𝑆4 − 2687𝑆5 + 194𝑆6 + 467𝑆7

+ 82𝑆8) (128(3 + 2𝑆)(4 + 𝑆)(1 − 𝑆)6)⁄  

B55 = 5(300 + 1579𝑆 − 3176𝑆2 − 2949𝑆3 − 1188𝑆4 − 675𝑆5 + 1326𝑆6 + 827𝑆7

+ 130𝑆8) (384(3 + 2𝑆)(4 + 𝑆)(1 − 𝑆)6)⁄  

C0 = (tanh 𝑘ℎ)1 2⁄  

C2 = ((tanh 𝑘ℎ)1 2⁄ (2 + 7𝑆2) (4(1 − 𝑆)2)⁄ ) 

C4 = ((tanh 𝑘ℎ)1 2⁄ (4 + 32𝑆 − 116𝑆2 − 400𝑆3 − 71𝑆4 + 146𝑆5) (32(1 − 𝑆)5)⁄ ) 

D2 = −(coth 𝑘ℎ)1 2⁄ 2⁄  

D4 = ((tanh 𝑘ℎ)1 2⁄ (2 + 4𝑆 + 𝑆2 + 2𝑆3) (8(1 − 𝑆)3)⁄ ) 

S = sech 2𝑘ℎ 

 

 

A.2.3 Validity of wave theories 

The different non-linear wave theories have different ranges of validity. In order to 

define the applicability for the different theories, the regions and the limits for each one 

of them must be established. Different authors have tackled the topic of define the 

different regions of validity for the non-linear theories, being the criteria defined by  

Le Méhauté (1976) one of the most extended (Figure A.1). These and other criteria can 

be found in (USACE, 2002). Furthermore, Fenton (1990) presents a good method to 

determine the validity of a certain theory. 
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Figure A.1: Ranges of suitability of various wave theories. Source: (Le Méhauté, 1976). 

For the purpose of this thesis, it has been followed a combined approach. So, first it 

was implemented an algorithm based on Fenton’s method to confirm that all the waves 

were valid for the Stokes theory (Fenton, 1990). Then, a cut-off criterion was established 

to fix the line between the tests with linear theory and the ones with higher-order Stokes 

theory. Thus, the regular waves tests were split into two different series to save time, so 

waves with a lower wave height were tested under linear wave theory and the ones with 

a higher height under Stokes 5th non-linear theory. 
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Appendix B. Technical drawings 

 

 
Figure B. 1: The Vectrino ADV draws and dimensions. Source: (Nortek AS, 2009). 
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Appendix C. Filter Methods 

C.1. Median filter 

The median filter belongs to the non-linear filters family, and it is often used to 

remove or reduce the noise associated to a digital signal or image. This noise reduction 

is usually a pre-processing step to improve the quality of the results and reduce the 

associated white noise to the recorded data. The new cleaner signal will increase the 

quality of the results of later processing. 

 

 

Figure C.1: Original and filtered differential air pressure signals, the filtered signal applies a median one-
dimensional filter (the signal corresponds to the test number 3004 at Series A). 

 

The median filter replaces every point of the original signal by the median of that 

point and a specified number of neighbouring points. As a result of applying this 

technique, median filtering discards points that differ considerably from their 

surroundings. The order of the filter indicates the number or neighbouring points 

considered to compute the medians - for the purposes of this thesis 5 points were 

considered. Figure C.1 shows an example of one of the data sets before and after being 

applied the median filtering. Further information on the median filtered can be found in 

(MathWorks Inc., 2014, Pratt, 2007). 
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C.2. Butterworth low-pass filter 

The Butterworth filter was first described in 1930 by the British engineer and 

physicist Stephen Butterworth in his paper “On the Theory of filter Amplifiers” 

(Butterworth, 1930). This is a type of signal processing filter designed to have a frequency 

response in the passband as flat as possible. 

The frequency response of the Butterworth filter is maximally flat (i.e., has no ripples) 

in the passband and rolls off towards zero in the stopband (Bianchi and Sorrentino, 

2007). 

 

Figure C.2: Gain of Butterworth low-pass filters of Orders 1through 5, with cut-off frequency ω0 = 1. Source: 
(Wikipedia, 2014). 

 

For purposes of this thesis a cut-off frequency of 4 Hz and a 5th order filter have been 

selected when using the low-pass Butterworth filter (Figure C.2). Note that the cut-off 

frequency should be ranged between the Nyquist and signal frequencies. This is 10 Hz 

for the Nyquist frequency and a range between 1.23 Hz and 0.44 Hz for the signal 

frequency. Equation (C.1) shows the relation between the Nyquist frequency and the 

Sampling frequency (being for this thesis is FS = 20 Hz). 
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𝐹𝑁𝑦 =
𝐹𝑆

2
  (C.1) 

Figure C.3 shows an example of one of the data sets before and after being filtered 

with the Butterworth low-pass filter. 

 

 

Figure C.3: Original recorded UWL and filtered signals using a Butterworth low-pass filter with three different cut-
off frequencies Fc= 4 Hz, 3 Hz and 2.5 Hz for one of the three sensors (the signal corresponds to the sensor UWL_01 

for the test number 3010 at Series A) 

 

C.3. Despiking filter 

The despiking filter suggested by Goring & Nikora (2002) is a two steps method 

which first detects the spikes and then replaces them. Originally the method was 

suggested to be used with ADV data signals. However, it is applicable to signals which 

have been recorded from instruments based on the Doppler Effect, as it is the case of the 

UWL meter. This method constructs an ellipsoid in three-dimensional space and then 

the points lying outside the ellipsoid are designed as spikes. Once the spikes are 

identified these are substituted by ‘NaN’ and later interpolated. For this thesis, this 

method has been used to filter the UWL meter recorded signal of the free surface inside 

the OWC chamber. Figure C 4 shows an example of the data sets before and after apply 

the Goring & Nikora despiking filter. 
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Figure C 4: Original UWL and the despiked signals using the Goring & Nikora method for one of the sensors (the 

signal corresponds to the sensor UWL_03 for the test number 3015 at Series A). 
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Appendix D. Additional data to the physical modelling 

D.1. Regular waves 

 
Table D.1: Mean and maximum pneumatic power (Pm and Pmax) and maximum to mean power coefficient (data 
corresponds to Series A and the three orifice diameters: 30 mm, 44 mm and 51 mm; dimensions are at model scale). 

Test 
number16 

Ø30 mm Ø44 mm Ø51 mm 

Pm  
[W] 

Pmax 
[W] 

χmax  
[-] 

Pm 
[W] 

Pmax 
[W] 

χmax  

[-] 
Pm 

[W] 
Pmax 
[W] 

χmax  

[-] 
          x01 0.084 0.346 4.116 0.118 0.424 3.604 0.125  0.492 3.942 

x02 0.186 0.770 4.129 0.272 1.003 3.694 0.293  1.254 4.274 
x03 0.319 1.320 4.134 0.471 1.843 3.914 0.533  2.109 3.958 
x04 0.137 0.450 3.278 0.167 0.535 3.204 0.144  0.490 3.404 
x05 0.301 0.975 3.238 0.405 1.343 3.319 0.377  1.397 3.701 
x06 0.509 1.700 3.340 0.722 2.430 3.368 0.682  2.536 3.718 
x07 0.134 0.386 2.878 0.138 0.424 3.084 0.108  0.346 3.202 
x08 0.317 0.953 3.004 0.370 1.131 3.055 0.336  1.019 3.036 
x09 0.561 1.659 2.957 0.682 2.089 3.063 0.661  2.252 3.407 
x10 0.112 0.348 3.106 0.084 0.320 3.806 0.058  0.212 3.676 
x11 0.302 0.836 2.772 0.281 0.942 3.348 0.226  0.764 3.374 
x12 0.561 1.576 2.811 0.588 1.874 3.186 0.528  1.846 3.493 
x13 0.123 0.339 2.769 0.071 0.252 3.570 0.044  0.189 4.269 
x14 0.360 0.932 2.588 0.279 0.863 3.091 0.199  0.657 3.297 
x15 0.717 1.843 2.571 0.670 1.989 2.969 0.509  1.707 3.357 
x16 0.099 0.282 2.845 0.051 0.166 3.274 0.028  0.111 3.964 
x17 0.267 0.794 2.967 0.187 0.677 3.622 0.112  0.448 3.983 
x18 0.513 1.402 2.735 0.436 1.467 3.368 0.293  1.143 3.903 
x19 0.083 0.262 3.155 0.037 0.171 4.615 0.022  0.122 5.502 
x20 0.262 0.777 2.963 0.159 0.707 4.452 0.103  0.543 5.286 
x21 0.550 1.524 2.773 0.398 1.614 4.055 0.283  1.466 5.175 
x22 0.055 0.169 3.080 0.021 0.082 3.935 0.012  0.056 4.891 
x23 0.192 0.517 2.690 0.094 0.338 3.600 0.056  0.242 4.276 
x24 0.421 1.110 2.635 0.252 0.907 3.599 0.159  0.671 4.222 

          
 

 

  

                                                        
16 Note that the x characters at the different test numbers should be substituted by the respective orifice 
diameter size for each experiment set named as 30, 44 and 51. 
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Table D.2: Mean and maximum pneumatic power (Pm and Pmax) and maximum to mean power coefficient (data 
corresponds to Series B and the three orifice diameters: 30 mm, 44 mm and 51 mm; dimensions are at model scale). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

Pm [W] Pmax 
[W] 

χmax  

[-] 
Pm 

[W] 
Pmax 
[W] 

χmax  

[-] 
Pm 

[W] 
Pmax 
[W] 

χmax  

[-] 
          x01 0.291 1.261 4.334 0.436 1.814 4.156 0.470  2.127 4.527 

x02 0.414 2.017 4.873 0.642 2.665 4.154 0.726  3.182 4.386 
x03 0.523 2.662 5.088 0.876 3.970 4.529 0.980  4.264 4.350 
x04 0.700 3.730 5.332 1.166 5.381 4.613 1.295  6.128 4.733 
x05 0.844 5.104 6.048 1.449 6.963 4.805 1.636  8.544 5.221 
x06 1.037 5.636 5.435 1.717 8.901 5.183 1.629  7.609 4.670 
x07 0.433 1.689 3.902 0.612 2.347 3.832 0.597  2.605 4.367 
x08 0.603 2.509 4.159 0.905 3.474 3.838 0.937  4.103 4.380 
x09 0.844 3.675 4.357 1.241 5.190 4.181 1.253  5.937 4.738 
x10 1.087 4.603 4.235 1.607 6.527 4.062 1.640  7.609 4.639 
x11 1.265 6.185 4.891 1.742 8.000 4.593 2.135  10.304 4.826 
x12 1.506 7.323 4.864 2.357 10.409 4.415 2.667  14.254 5.344 
x13 0.466 1.450 3.111 0.607 2.107 3.472 0.578  2.320 4.012 
x14 0.698 2.242 3.214 0.928 3.238 3.489 1.398  5.050 3.612 
x15 0.938 2.901 3.092 1.283 4.520 3.523 1.354  5.009 3.700 
x16 1.328 4.386 3.302 1.805 6.153 3.409 1.866  7.084 3.795 
x17 1.610 5.706 3.545 2.296 7.513 3.272 2.555  9.771 3.825 
x18 1.955 6.173 3.157 2.754 11.231 4.078 3.111  12.872 4.137 
x19 0.502 1.485 2.961 0.564 1.910 3.386 0.495  1.943 3.925 
x20 0.750 2.211 2.948 0.888 2.963 3.336 0.796  2.987 3.751 
x21 1.030 3.093 3.004 1.272 4.358 3.427 1.180  4.512 3.823 
x22 1.363 4.392 3.222 1.762 5.878 3.337 1.635  6.135 3.753 
x23 1.711 5.838 3.412 2.306 7.725 3.350 2.218  7.769 3.503 
x24 2.073 6.956 3.356 2.840 9.718 3.422 2.981  9.808 3.290 
x25 0.614 1.761 2.870 0.590 1.943 3.295 0.453  1.601 3.533 
x26 0.935 2.832 3.029 1.018 3.150 3.095 0.833  3.058 3.671 
x27 1.336 4.308 3.226 1.524 4.771 3.130 1.319  4.986 3.780 
x28 1.771 5.641 3.185 2.115 6.546 3.095 1.892  6.781 3.584 
x29 2.184 7.077 3.240 2.749 9.141 3.325 2.654  9.312 3.509 
x30 2.513 8.539 3.398 3.412 11.939 3.499 3.276  11.500 3.510 
x31 0.484 1.423 2.940 0.405 1.482 3.658 0.274  1.227 4.485 
x32 0.475 1.333 2.803 0.679 2.644 3.891 0.486  2.205 4.538 
x33 0.998 3.240 3.248 1.033 3.939 3.814 0.776  3.549 4.572 
x34 1.333 4.503 3.379 1.469 5.143 3.502 1.179  5.427 4.602 
x35 1.757 6.266 3.566 2.031 7.291 3.590 1.608  7.415 4.611 
x36 2.130 7.475 3.509 2.538 8.945 3.524 2.100  9.394 4.473 
x37 0.519 1.402 2.704 0.368 1.287 3.495 0.256  1.191 4.657 
x38 0.847 2.443 2.883 0.704 2.326 3.306 0.518  2.425 4.682 
x39 1.243 3.775 3.037 1.141 3.791 3.323 0.889  4.152 4.672 
x40 1.697 5.530 3.259 1.692 5.682 3.358 1.402  6.724 4.796 
x41 2.079 7.258 3.492 2.225 7.772 3.493 1.920  8.881 4.625 
x42 2.419 8.941 3.695 2.789 10.207 3.660 2.521  11.202 4.443 
x43 0.423 1.145 2.711 0.240 0.958 3.983 0.145  0.780 5.395 
x44 0.672 1.933 2.878 0.449 1.741 3.877 0.280  1.440 5.137 
x45 0.976 2.811 2.880 0.724 2.626 3.627 0.470  2.514 5.352 
x46 1.309 3.995 3.052 1.071 3.962 3.701 0.737  3.817 5.180 
x47 1.618 5.482 3.388 1.484 5.446 3.670 1.041  5.552 5.333 
x48 1.961 6.921 3.530 1.928 7.010 3.636 1.425  7.014 4.922 
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Table D.3: Reflection, transmission and absorption coefficients (KR, KT and KA) obtained from the incident and 
reflected wave analysis (data corresponds to Series A and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

KR [-] KT [-] KA [-] KR [-] KT [-] KA [-] KR [-] KT [-] KA [-] 

          x01 0.714 0.155 0.683 0.621 0.148 0.769 0.569 0.153 0.808 
x02 0.709 0.151 0.688 0.644 0.139 0.753 0.591 0.141 0.794 
x03 0.701 0.147 0.698 0.644 0.135 0.753 0.597 0.133 0.791 
x04 0.519 0.223 0.825 0.413 0.228 0.882 0.357 0.250 0.900 
x05 0.549 0.220 0.806 0.466 0.216 0.858 0.409 0.232 0.883 
x06 0.557 0.220 0.801 0.489 0.211 0.846 0.438 0.221 0.871 
x07 0.440 0.231 0.868 0.349 0.249 0.903 0.321 0.266 0.909 
x08 0.469 0.228 0.853 0.387 0.233 0.892 0.336 0.251 0.908 
x09 0.479 0.226 0.848 0.405 0.226 0.886 0.353 0.240 0.905 
x10 0.395 0.274 0.877 0.327 0.294 0.898 0.312 0.305 0.900 
x11 0.433 0.250 0.866 0.358 0.263 0.896 0.335 0.277 0.901 
x12 0.443 0.239 0.864 0.371 0.246 0.895 0.346 0.259 0.902 
x13 0.377 0.293 0.879 0.324 0.310 0.894 0.313 0.323 0.893 
x14 0.392 0.277 0.877 0.329 0.289 0.899 0.310 0.304 0.901 
x15 0.415 0.259 0.872 0.349 0.267 0.898 0.330 0.280 0.901 
x16 0.397 0.269 0.878 0.379 0.283 0.881 0.386 0.292 0.875 
x17 0.428 0.254 0.867 0.396 0.267 0.879 0.396 0.278 0.875 
x18 0.443 0.246 0.862 0.401 0.257 0.879 0.397 0.270 0.877 
x19 0.378 0.291 0.879 0.368 0.299 0.880 0.364 0.311 0.878 
x20 0.357 0.288 0.889 0.333 0.299 0.895 0.326 0.311 0.893 
x21 0.364 0.277 0.889 0.337 0.285 0.898 0.330 0.297 0.896 
x22 0.239 0.350 0.906 0.235 0.357 0.904 0.231 0.365 0.902 
x23 0.280 0.314 0.907 0.269 0.325 0.907 0.271 0.331 0.904 
x24 0.310 0.294 0.904 0.290 0.306 0.907 0.292 0.312 0.904 
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Table D.4: Reflection, transmission and absorption coefficients (KR, KT and KA) obtained from the incident and 
reflected wave analysis (data corresponds to Series B and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

KR [-] KT [-] KA [-] KR [-] KT [-] KA [-] KR [-] KT [-] KA [-] 

          x01 0.710 0.149 0.688 0.641 0.140 0.755 0.597 0.133 0.791 
x02 0.704 0.146 0.695 0.642 0.137 0.754 0.627 0.136 0.767 
x03 0.687 0.143 0.712 0.631 0.134 0.764 0.621 0.131 0.772 
x04 0.677 0.139 0.723 0.618 0.129 0.775 0.589 0.123 0.799 
x05 0.684 0.137 0.716 0.633 0.126 0.764 0.618 0.121 0.777 
x06 0.675 0.135 0.725 0.625 0.126 0.770 0.619 0.122 0.776 
x07 0.562 0.218 0.798 0.489 0.214 0.845 0.434 0.216 0.875 
x08 0.567 0.214 0.796 0.504 0.208 0.839 0.455 0.207 0.866 
x09 0.581 0.209 0.787 0.519 0.198 0.831 0.472 0.202 0.858 
x10 0.599 0.206 0.774 0.544 0.197 0.816 0.501 0.195 0.843 
x11 0.613 0.201 0.764 0.563 0.194 0.803 0.534 0.193 0.823 
x12 0.616 0.197 0.763 0.591 0.187 0.784 0.557 0.191 0.808 
x13 0.492 0.233 0.839 0.415 0.231 0.880 0.358 0.237 0.903 
x14 0.493 0.229 0.839 0.427 0.224 0.876 0.391 0.222 0.893 
x15 0.497 0.224 0.839 0.435 0.216 0.874 0.390 0.222 0.894 
x16 0.503 0.220 0.836 0.448 0.210 0.869 0.399 0.215 0.891 
x17 0.504 0.215 0.837 0.454 0.205 0.867 0.405 0.209 0.890 
x18 0.505 0.211 0.837 0.460 0.199 0.865 0.419 0.203 0.885 
x19 0.459 0.246 0.854 0.389 0.255 0.885 0.357 0.265 0.896 
x20 0.462 0.241 0.853 0.397 0.249 0.883 0.368 0.257 0.893 
x21 0.457 0.241 0.856 0.402 0.244 0.883 0.373 0.252 0.893 
x22 0.462 0.238 0.855 0.410 0.239 0.881 0.382 0.247 0.890 
x23 0.466 0.233 0.853 0.416 0.232 0.879 0.390 0.239 0.889 
x24 0.470 0.230 0.852 0.423 0.227 0.877 0.395 0.234 0.888 
x25 0.406 0.258 0.877 0.350 0.271 0.896 0.336 0.281 0.899 
x26 0.422 0.244 0.873 0.370 0.255 0.893 0.352 0.263 0.898 
x27 0.437 0.235 0.868 0.387 0.244 0.889 0.366 0.250 0.896 
x28 0.445 0.228 0.866 0.397 0.236 0.887 0.373 0.243 0.895 
x29 0.458 0.228 0.859 0.403 0.229 0.886 0.382 0.237 0.893 
x30 0.463 0.227 0.857 0.409 0.227 0.884 0.383 0.233 0.894 
x31 0.427 0.244 0.871 0.398 0.262 0.879 0.399 0.271 0.876 
x32 0.426 0.244 0.871 0.397 0.257 0.881 0.393 0.267 0.880 
x33 0.419 0.242 0.875 0.387 0.256 0.886 0.382 0.265 0.885 
x34 0.424 0.246 0.871 0.381 0.253 0.889 0.373 0.263 0.890 
x35 0.420 0.246 0.873 0.377 0.250 0.892 0.368 0.259 0.893 
x36 0.418 0.242 0.876 0.377 0.246 0.893 0.369 0.256 0.894 
x37 0.368 0.283 0.886 0.333 0.292 0.896 0.332 0.300 0.894 
x38 0.387 0.271 0.881 0.349 0.280 0.894 0.346 0.286 0.894 
x39 0.405 0.259 0.877 0.365 0.265 0.893 0.362 0.271 0.892 
x40 0.423 0.246 0.872 0.381 0.250 0.890 0.375 0.257 0.890 
x41 0.433 0.238 0.869 0.391 0.243 0.888 0.386 0.251 0.888 
x42 0.441 0.232 0.867 0.401 0.235 0.886 0.394 0.244 0.886 
x43 0.306 0.294 0.905 0.291 0.312 0.905 0.286 0.313 0.905 
x44 0.333 0.287 0.898 0.308 0.300 0.903 0.303 0.301 0.904 
x45 0.350 0.282 0.893 0.321 0.292 0.901 0.323 0.299 0.898 
x46 0.356 0.280 0.891 0.325 0.289 0.900 0.325 0.294 0.899 
x47 0.367 0.277 0.888 0.331 0.285 0.900 0.330 0.291 0.898 
x48 0.378 0.275 0.884 0.340 0.280 0.898 0.335 0.288 0.897 
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Table D.5: Mean pneumatic power (Pm), incident wave power per device’s width (Piw) and capture width ratio (CWR) 
(data corresponds to Series A and the three orifice diameters: 30 mm, 44 mm and 51 mm; dimensions are at model 
scale). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

Pm 
[W] 

Piw 
[W] 

CWR  
[%] 

Pm 
[W] 

Piw 
[W] 

CWR  
[%] 

Pm 
[W] 

Piw 
[W] 

CWR  
[%] 

          x01 0.084 0.499 16.85 0.118 0.474 24.79 0.125  0.494  25.24 
x02 0.186 1.402 13.30 0.272 1.436 18.91 0.293  1.402  20.93 
x03 0.319 2.946 10.84 0.471 2.956 15.93 0.533  2.881  18.49 
x04 0.137 0.675 20.35 0.167 0.650 25.70 0.144  0.588  24.46 
x05 0.301 1.768 17.02 0.405 1.731 23.37 0.377  1.597  23.63 
x06 0.509 3.396 14.98 0.722 3.383 21.33 0.682  3.091  22.07 
x07 0.134 0.646 20.77 0.138 0.675 20.37 0.108  0.678  15.95 
x08 0.317 1.865 17.02 0.370 1.854 19.96 0.336  1.856  18.09 
x09 0.561 3.789 14.81 0.682 3.759 18.15 0.661  3.733  17.70 
x10 0.112 0.677 16.55 0.084 0.685 12.27 0.058  0.681  8.48 
x11 0.302 1.926 15.66 0.281 1.879 14.97 0.226  1.923  11.77 
x12 0.561 4.032 13.90 0.588 3.845 15.29 0.528  4.063  13.01 
x13 0.123 0.864 14.18 0.071 0.813 8.69 0.044  0.843  5.24 
x14 0.360 2.510 14.34 0.279 2.359 11.83 0.199  2.387  8.35 
x15 0.717 5.281 13.57 0.670 5.009 13.37 0.509  4.990  10.19 
x16 0.099 0.710 13.96 0.051 0.732 6.92 0.028  0.702  4.00 
x17 0.267 1.907 14.02 0.187 2.015 9.27 0.112  1.929  5.83 
x18 0.513 3.865 13.26 0.436 4.072 10.70 0.293  3.913  7.48 
x19 0.083 0.865 9.58 0.037 0.866 4.29 0.022  0.872  2.53 
x20 0.262 2.434 10.78 0.159 2.450 6.48 0.103  2.432  4.22 
x21 0.550 5.046 10.89 0.398 5.076 7.84 0.283  5.051  5.61 
x22 0.055 0.702 7.82 0.021 0.739 2.81 0.012  0.720  1.60 
x23 0.192 1.918 10.03 0.094 1.991 4.72 0.056  1.960  2.88 
x24 0.421 3.856 10.93 0.252 4.034 6.25 0.159  3.953  4.02 
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Table D.6: Mean pneumatic power (Pm), incident wave power per device’s width (Piw) and capture width ratio (CWR) 
(data corresponds to Series B and the three orifice diameters: 30 mm, 44 mm and 51 mm; dimensions are at model 
scale). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

Pm 
[W] 

Piw 
[W] 

CWR  
[%] 

Pm 
[W] 

Piw 
[W] 

CWR  
[%] 

Pm 
[W] 

Piw 
[W] 

CWR  
[%] 

          x01 0.291 2.967 9.80 0.436 2.942 14.84 0.470 2.989  15.71 
x02 0.414 4.862 8.51 0.642 4.770 13.45 0.726 4.856  14.94 
x03 0.523 7.441 7.03 0.876 7.326 11.96 0.980 7.390  13.26 
x04 0.700 11.159 6.27 1.166 10.904 10.70 1.295 11.040  11.73 
x05 0.844 15.004 5.62 1.449 15.126 9.58 1.636 15.058  10.87 
x06 1.037 18.422 5.63 1.717 18.175 9.45 1.629 15.098  10.79 
x07 0.433 3.576 12.11 0.612 3.381 18.11 0.597 3.223  18.51 
x08 0.603 5.532 10.90 0.905 5.051 17.92 0.937 5.153  18.18 
x09 0.844 8.061 10.46 1.241 8.287 14.98 1.253 7.581  16.53 
x10 1.087 10.862 10.01 1.607 10.181 15.78 1.640 10.241  16.02 
x11 1.265 14.033 9.01 1.742 13.434 12.97 2.135 13.553  15.75 
x12 1.506 17.962 8.38 2.357 17.344 13.59 2.667 16.711  15.96 
x13 0.466 3.477 13.41 0.607 3.720 16.32 0.578 4.028  14.35 
x14 0.698 5.682 12.28 0.928 6.096 15.23 1.398 9.500  14.72 
x15 0.938 8.398 11.17 1.283 9.017 14.23 1.354 9.559  14.16 
x16 1.328 11.845 11.21 1.805 12.842 14.05 1.866 13.489  13.84 
x17 1.610 15.493 10.39 2.296 16.792 13.68 2.555 17.542  14.56 
x18 1.955 19.836 9.86 2.754 21.788 12.64 3.111 22.570  13.78 
x19 0.502 3.829 13.10 0.564 3.939 14.32 0.495 4.179  11.85 
x20 0.750 6.415 11.69 0.888 6.487 13.69 0.796 6.574  12.11 
x21 1.030 9.504 10.83 1.272 9.685 13.13 1.180 9.725  12.14 
x22 1.363 13.617 10.01 1.762 13.751 12.81 1.635 13.474  12.13 
x23 1.711 18.432 9.28 2.306 18.415 12.52 2.218 17.682  12.54 
x24 2.073 23.722 8.74 2.840 23.595 12.04 2.981 23.778  12.54 
x25 0.614 5.149 11.92 0.590 4.930 11.96 0.453 4.981  9.10 
x26 0.935 8.619 10.85 1.018 8.166 12.46 0.833 8.424  9.89 
x27 1.336 12.903 10.35 1.524 12.383 12.31 1.319 12.630  10.44 
x28 1.771 18.559 9.54 2.115 17.917 11.80 1.892 18.105  10.45 
x29 2.184 24.442 8.94 2.749 23.864 11.52 2.654 24.082  11.02 
x30 2.513 30.970 8.12 3.412 30.303 11.26 3.276 30.875  10.61 
x31 0.484 4.060 11.92 0.405 4.023 10.07 0.274 4.011  6.82 
x32 0.475 4.017 11.83 0.679 6.553 10.37 0.486 6.399  7.59 
x33 0.998 9.552 10.45 1.033 9.724 10.62 0.776 9.462  8.20 
x34 1.333 13.009 10.24 1.469 13.748 10.68 1.179 13.377  8.82 
x35 1.757 17.859 9.84 2.031 18.129 11.20 1.608 17.442  9.22 
x36 2.130 22.537 9.45 2.538 22.982 11.05 2.100 22.108  9.50 
x37 0.519 4.845 10.70 0.368 4.953 7.44 0.256 5.167  4.95 
x38 0.847 8.148 10.40 0.704 8.257 8.52 0.518 8.668  5.97 
x39 1.243 12.172 10.21 1.141 12.388 9.21 0.889 12.910  6.88 
x40 1.697 17.384 9.76 1.692 17.753 9.53 1.402 18.477  7.59 
x41 2.079 22.712 9.15 2.225 23.330 9.54 1.920 24.140  7.95 
x42 2.419 28.908 8.37 2.789 29.502 9.45 2.521 30.390  8.30 
x43 0.423 4.028 10.49 0.240 3.958 6.08 0.145 3.963  3.65 
x44 0.672 6.382 10.52 0.449 6.384 7.03 0.280 6.419  4.37 
x45 0.976 9.357 10.43 0.724 9.346 7.75 0.470 9.217  5.10 
x46 1.309 13.122 9.97 1.071 13.176 8.13 0.737 12.908  5.71 
x47 1.618 17.022 9.51 1.484 17.242 8.61 1.041 16.911  6.16 
x48 1.961 21.411 9.16 1.928 21.898 8.80 1.425 21.236  6.71 
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Table D.7: Response Amplitude Operator (RAO) for the water level oscillation inside the OWC chamber (RAOC) and 
the differential pneumatic pressure between inside and outside the OWC chamber (RAOP), (data corresponds to 
Series A and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

RAOC [-] RAOP [-] RAOC [-] RAOP [-] RAOC [-] RAOP [-] 

       x01 0.471 0.445 0.851 0.360 1.060  0.299 
x02 0.379 0.452 0.650 0.371 0.859  0.317 
x03 0.310 0.450 0.543 0.376 0.730  0.329 
x04 0.598 0.550 0.993 0.411 1.240  0.312 
x05 0.500 0.557 0.838 0.448 1.060  0.359 
x06 0.444 0.561 0.748 0.465 0.934  0.383 
x07 0.699 0.574 1.053 0.374 1.240  0.254 
x08 0.572 0.584 0.907 0.435 1.090  0.322 
x09 0.508 0.590 0.784 0.460 0.963  0.362 
x10 0.755 0.503 1.041 0.271 1.151  0.172 
x11 0.653 0.557 0.971 0.361 1.091  0.248 
x12 0.566 0.572 0.869 0.409 0.994  0.301 
x13 0.793 0.478 1.017 0.226 1.098  0.133 
x14 0.694 0.552 0.971 0.326 1.083  0.211 
x15 0.612 0.590 0.904 0.395 1.001  0.272 
x16 0.932 0.458 1.090 0.193 1.132  0.112 
x17 0.823 0.524 1.050 0.276 1.120  0.164 
x18 0.717 0.559 0.985 0.340 1.074  0.219 
x19 0.850 0.370 0.988 0.148 1.010  0.088 
x20 0.766 0.473 0.976 0.234 1.032  0.146 
x21 0.668 0.535 0.901 0.306 0.996  0.207 
x22 0.910 0.316 0.972 0.112 0.978  0.066 
x23 0.858 0.426 1.000 0.186 1.031  0.114 
x24 0.777 0.492 0.960 0.253 1.000  0.160 
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Table D.8: Response Amplitude Operator (RAO) for the water level oscillation inside the OWC chamber (RAOC) and 
the differential pneumatic pressure between inside and outside the OWC chamber (RAOP), (data corresponds to 
Series B and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

RAOC [-] RAOP [-] RAOC [-] RAOP [-] RAOC [-] RAOP [-] 

       x01 0.304 0.454 0.545 0.387 0.717  0.328 
x02 0.268 0.450 0.499 0.389 0.635  0.335 
x03 0.241 0.448 0.454 0.386 0.572  0.334 
x04 0.231 0.428 0.412 0.380 0.525  0.329 
x05 0.205 0.420 0.373 0.371 0.488  0.326 
x06 0.200 0.423 0.374 0.379 0.481  0.327 
x07 0.417 0.556 0.733 0.465 0.901  0.384 
x08 0.385 0.561 0.688 0.481 0.862  0.401 
x09 0.359 0.565 0.603 0.476 0.785  0.416 
x10 0.343 0.567 0.590 0.497 0.734  0.423 
x11 0.322 0.564 0.572 0.498 0.698  0.432 
x12 0.299 0.557 0.521 0.501 0.707  0.446 
x13 0.486 0.603 0.790 0.461 0.928  0.364 
x14 0.437 0.602 0.715 0.478 0.807  0.411 
x15 0.410 0.608 0.651 0.493 0.797  0.410 
x16 0.390 0.615 0.617 0.514 0.773  0.439 
x17 0.368 0.622 0.590 0.525 0.746  0.463 
x18 0.343 0.619 0.561 0.543 0.709  0.478 
x19 0.556 0.579 0.850 0.415 0.988  0.308 
x20 0.495 0.578 0.772 0.438 0.922  0.331 
x21 0.462 0.579 0.733 0.460 0.896  0.356 
x22 0.415 0.583 0.702 0.477 0.840  0.380 
x23 0.397 0.583 0.660 0.493 0.818  0.405 
x24 0.361 0.587 0.625 0.505 0.787  0.419 
x25 0.594 0.584 0.898 0.397 0.998  0.273 
x26 0.534 0.597 0.839 0.439 0.948  0.315 
x27 0.491 0.609 0.790 0.472 0.905  0.353 
x28 0.476 0.608 0.733 0.488 0.876  0.375 
x29 0.430 0.608 0.703 0.503 0.848  0.406 
x30 0.386 0.600 0.663 0.516 0.816  0.419 
x31 0.690 0.553 0.985 0.345 1.056  0.220 
x32 0.695 0.555 0.923 0.388 1.006  0.260 
x33 0.586 0.594 0.875 0.423 0.978  0.296 
x34 0.544 0.615 0.822 0.454 0.957  0.328 
x35 0.529 0.627 0.804 0.481 0.945  0.357 
x36 0.493 0.641 0.778 0.505 0.919  0.376 
x37 0.685 0.525 0.908 0.303 0.980  0.197 
x38 0.626 0.565 0.877 0.360 0.974  0.247 
x39 0.596 0.592 0.850 0.410 0.962  0.290 
x40 0.547 0.617 0.827 0.454 0.943  0.334 
x41 0.503 0.624 0.786 0.483 0.920  0.365 
x42 0.476 0.635 0.746 0.508 0.887  0.395 
x43 0.777 0.498 0.969 0.251 1.007  0.154 
x44 0.723 0.533 0.942 0.301 0.995  0.187 
x45 0.690 0.553 0.932 0.341 0.989  0.218 
x46 0.658 0.568 0.903 0.368 0.987  0.248 
x47 0.613 0.588 0.889 0.401 0.980  0.275 
x48 0.578 0.600 0.854 0.425 0.970  0.304 
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Table D.9: Non-dimensional damping coefficients for the exhalation, inhalation and the mean of (B*exh, B*inh and B*m; 

data corresponds to Series A and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

𝑩𝒆𝒙𝒉
∗  𝑩𝒊𝒏𝒉

∗  𝑩𝒎
∗  𝑩𝒆𝒙𝒉

∗  𝑩𝒊𝒏𝒉
∗  𝑩𝒎

∗  𝑩𝒆𝒙𝒉
∗  𝑩𝒊𝒏𝒉

∗  𝑩𝒎
∗  

          x01 213.420  218.321  215.884  105.230  109.206  107.237  73.723  81.158  77.530  
x02 210.111  213.279  211.701  107.153  108.681  107.920  73.738  78.973  76.401  
x03 209.423  211.945  210.688  106.652  110.666  108.678  72.522  76.978  74.783  
x04 207.055  220.706  213.989  103.740  113.858  108.916  71.298  82.860  77.295  
x05 197.741  220.150  209.246  101.875  113.759  107.980  70.690  82.552  76.850  
x06 188.510  217.643  203.599  98.172  113.564  106.148  71.332  84.200  78.032  
x07 216.867  223.697  220.308  108.374  114.090  111.269  73.838  83.008  78.557  
x08 211.217  219.535  215.416  108.417  115.118  111.818  73.667  79.217  76.492  
x09 206.806  216.730  211.826  107.663  114.989  111.386  74.079  80.965  77.598  
x10 212.845  218.525  215.704  107.237  109.117  108.181  73.282  80.248  76.844  
x11 210.363  214.018  212.198  106.135  109.420  107.790  73.210  79.144  76.235  
x12 207.873  213.962  210.939  104.697  108.126  106.425  72.790  79.183  76.054  
x13 210.310  216.473  213.414  106.174  110.063  108.136  74.924  80.279  77.648  
x14 208.898  213.521  211.222  105.645  108.605  107.135  72.966  79.088  76.088  
x15 205.717  211.440  208.598  104.012  107.647  105.845  72.567  79.059  75.883  
x16 213.427  214.966  214.198  106.227  109.611  107.932  72.693  82.016  77.495  
x17 210.959  213.533  212.250  106.755  110.060  108.420  73.277  80.335  76.887  
x18 204.892  211.160  208.049  106.063  108.659  107.369  73.402  79.256  76.385  
x19 211.136  215.318  213.238  105.191  109.956  107.600  72.928  82.715  77.975  
x20 209.718  213.365  211.549  104.477  109.357  106.945  71.748  80.157  76.069  
x21 206.271  209.895  208.091  105.370  108.898  107.149  72.863  80.048  76.540  
x22 213.258  214.131  213.695  104.196  109.406  106.833  73.314  81.827  77.687  
x23 211.481  212.147  211.815  106.691  109.081  107.892  73.336  80.295  76.894  
x24 207.629  210.192  208.915  105.871  108.669  107.279  73.693  79.470  76.636  
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Table D.10: Non-dimensional damping coefficients for the exhalation, inhalation and the mean of both (B*exh, B*inh 
and B*m; data corresponds to Series B and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

𝑩𝒆𝒙𝒉
∗  𝑩𝒊𝒏𝒉

∗  𝑩𝒎
∗  𝑩𝒆𝒙𝒉

∗  𝑩𝒊𝒏𝒉
∗  𝑩𝒎

∗  𝑩𝒆𝒙𝒉
∗  𝑩𝒊𝒏𝒉

∗  𝑩𝒎
∗  

          x01 215.940  215.884  215.912  108.922  110.608  109.768  72.779  77.302  75.075  
x02 213.526  216.609  215.073  105.363  107.630  106.503  73.463  81.206  77.432  
x03 230.402  232.646  231.527  106.546  108.308  107.431  73.473  81.864  77.782  
x04 216.928  222.882  219.925  104.807  104.625  104.716  74.612  81.298  78.027  
x05 217.252  223.532  220.415  104.664  103.704  104.185  73.802  78.343  76.106  
x06 195.210  204.034  199.671  105.953  102.439  104.211  73.298  78.175  75.776  
x07 197.086  223.120  210.506  100.210  115.612  108.185  71.926  83.702  78.036  
x08 199.514  227.183  213.797  99.982  111.693  106.000  67.498  83.240  75.779  
x09 195.348  208.110  201.830  101.032  113.778  107.594  66.275  81.224  74.127  
x10 196.116  207.871  202.079  97.346  111.429  104.624  69.080  84.645  77.256  
x11 191.582  211.108  201.582  97.075  111.336  104.449  64.980  80.495  73.150  
x12 187.295  202.456  195.023  96.962  109.653  103.502  66.969  74.462  70.815  
x13 215.716  231.979  223.995  110.050  118.860  114.539  75.993  86.660  81.501  
x14 210.353  223.452  217.002  107.849  119.106  113.617  72.401  80.551  76.584  
x15 210.998  233.414  222.489  108.211  117.622  113.015  73.606  82.478  78.168  
x16 202.253  207.988  205.141  107.204  111.772  109.512  74.636  84.757  79.857  
x17 205.689  215.879  210.846  107.033  112.854  109.982  73.362  81.268  77.416  
x18 203.613  216.159  209.980  108.356  117.780  113.166  73.236  82.051  77.768  
x19 211.067  215.347  213.217  104.966  108.983  106.994  72.431  79.767  76.188  
x20 209.923  215.185  212.570  105.049  108.782  106.932  72.438  79.885  76.252  
x21 204.898  210.386  207.660  105.707  109.675  107.709  71.919  79.902  76.015  
x22 206.964  213.657  210.337  104.996  108.909  106.970  73.186  80.460  76.909  
x23 209.241  214.655  211.965  103.626  108.778  106.233  71.894  79.784  75.942  
x24 208.848  214.443  211.664  105.417  110.448  107.962  70.893  79.706  75.428  
x25 208.121  212.587  210.366  104.792  108.913  106.873  73.307  80.492  76.983  
x26 207.428  211.530  209.489  104.162  107.849  106.022  72.124  79.450  75.875  
x27 204.293  209.524  206.925  104.595  108.709  106.671  72.395  79.872  76.225  
x28 205.405  210.086  207.758  106.031  108.752  107.400  72.532  80.081  76.400  
x29 209.198  211.850  210.528  104.809  108.664  106.754  71.674  79.111  75.484  
x30 215.266  219.282  217.283  104.575  108.576  106.595  71.988  80.323  76.269  
x31 207.169  208.332  207.751  106.027  109.785  107.922  71.690  79.595  75.746  
x32 207.778  209.130  208.455  107.412  110.540  108.987  72.174  79.434  75.891  
x33 196.541  195.680  196.111  104.722  108.703  106.731  71.391  78.995  75.289  
x34 195.014  187.146  191.120  105.903  110.394  108.172  71.385  79.017  75.298  
x35 203.571  180.944  192.590  102.768  106.867  104.837  71.856  80.266  76.177  
x36 201.292  175.966  189.054  103.564  105.135  104.353  70.814  80.076  75.587  
x37 206.513  208.856  207.688  105.917  109.103  107.522  72.556  80.620  76.694  
x38 205.233  207.914  206.578  105.811  108.861  107.347  72.641  80.409  76.624  
x39 203.343  206.080  204.716  105.129  108.209  106.680  72.132  79.698  76.009  
x40 200.677  204.109  202.400  103.928  108.630  106.305  71.575  79.407  75.593  
x41 203.229  201.171  202.202  104.240  107.335  105.799  72.658  79.635  76.226  
x42 210.994  205.134  208.085  106.612  108.368  107.494  73.143  79.833  76.561  
x43 205.295  206.674  205.986  104.718  108.374  106.562  72.323  79.730  76.117  
x44 206.028  208.599  207.318  105.454  108.286  106.879  72.443  79.831  76.227  
x45 203.587  206.808  205.204  104.707  107.870  106.300  71.971  79.350  75.751  
x46 201.040  207.812  204.454  104.807  108.540  106.690  71.986  79.796  75.991  
x47 203.412  210.083  206.775  105.086  107.069  106.082  72.052  79.815  76.033  
x48 205.614  210.237  207.938  106.894  107.338  107.116  73.441  80.129  76.858  
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Table D.11: Maximum and significant run-up coefficients (Cmax and CS) at the front of the monopile (data corresponds 
to Series A and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 

       x01 0.840 0.885 0.810 0.858 0.835 0.938 
x02 0.883 0.954 0.849 0.932 0.862 0.989 
x03 0.934 1.016 0.884 0.979 0.895 1.007 
x04 0.813 0.838 0.787 0.826 0.854 0.918 
x05 0.852 0.875 0.816 0.852 0.852 0.884 
x06 0.884 0.922 0.863 0.902 0.894 0.921 
x07 0.841 0.872 0.784 0.818 0.738 0.761 
x08 0.857 0.880 0.804 0.824 0.769 0.790 
x09 0.910 0.936 0.858 0.873 0.831 0.846 
x10 0.794 0.847 0.623 0.711 0.717 0.749 
x11 0.819 0.862 0.714 0.794 0.750 0.778 
x12 0.847 0.889 0.774 0.833 0.802 0.827 
x13 0.733 0.763 0.620 0.671 0.648 0.671 
x14 0.746 0.759 0.659 0.689 0.692 0.705 
x15 0.794 0.803 0.713 0.732 0.736 0.744 
x16 0.811 0.890 0.646 0.665 0.721 0.757 
x17 0.811 0.832 0.706 0.724 0.730 0.748 
x18 0.838 0.860 0.760 0.792 0.771 0.793 
x19 0.825 0.861 0.695 0.715 0.738 0.765 
x20 0.828 0.839 0.761 0.776 0.746 0.762 
x21 0.883 0.903 0.824 0.835 0.833 0.846 
x22 0.773 0.859 0.686 0.739 0.663 0.727 
x23 0.775 0.835 0.710 0.753 0.703 0.760 
x24 0.803 0.880 0.753 0.808 0.746 0.809 
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Table D.12: Maximum and significant run-up coefficients (Cmax and CS) at the front of the monopile (data corresponds 
to Series B and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 

       x01 0.944 1.022 0.906 1.008 0.900 0.994 
x02 0.946 1.050 0.904 1.018 0.901 1.066 
x03 0.985 1.072 0.977 1.110 0.944 1.084 
x04 1.024 1.096 0.999 1.080 0.971 1.090 
x05 1.075 1.122 1.004 1.106 1.029 1.198 
x06 1.132 1.256 1.107 1.232 0.999 1.119 
x07 0.838 0.909 0.815 0.882 0.843 0.905 
x08 0.864 0.957 0.864 0.935 0.871 0.950 
x09 0.879 0.980 0.826 0.916 0.907 1.021 
x10 0.902 1.042 0.881 1.032 0.877 1.057 
x11 0.909 1.065 0.908 1.074 0.911 1.118 
x12 0.918 1.080 0.893 1.083 0.933 1.150 
x13 0.861 0.937 0.835 0.878 0.872 0.889 
x14 0.910 0.980 0.903 0.933 0.980 1.000 
x15 0.961 0.979 0.928 0.957 0.971 1.001 
x16 1.010 1.055 0.983 1.026 1.018 1.071 
x17 1.049 1.111 1.015 1.052 1.056 1.111 
x18 1.070 1.110 1.052 1.115 1.092 1.138 
x19 0.865 0.896 0.832 0.871 0.903 0.965 
x20 0.889 0.928 0.858 0.892 0.880 0.909 
x21 0.902 0.946 0.876 0.913 0.906 0.939 
x22 0.930 0.974 0.900 0.948 0.942 0.998 
x23 0.969 1.037 0.927 0.979 0.958 0.996 
x24 0.981 1.051 0.967 1.018 1.000 1.053 
x25 0.799 0.835 0.746 0.775 0.773 0.800 
x26 0.846 0.879 0.795 0.820 0.813 0.840 
x27 0.888 0.909 0.836 0.871 0.873 0.900 
x28 0.949 0.965 0.899 0.932 0.920 0.948 
x29 1.007 1.043 0.940 0.988 0.994 1.028 
x30 1.057 1.123 0.996 1.046 1.042 1.098 
x31 0.852 0.889 0.792 0.816 0.865 0.897 
x32 0.851 0.864 0.831 0.853 0.896 0.950 
x33 0.923 0.940 0.875 0.903 0.940 0.967 
x34 0.966 1.005 0.900 0.928 0.966 1.019 
x35 0.961 1.015 0.928 0.993 0.991 1.055 
x36 0.994 1.056 0.963 1.013 0.999 1.106 
x37 0.806 0.832 0.779 0.797 0.878 0.899 
x38 0.867 0.907 0.827 0.854 0.913 0.943 
x39 0.926 0.969 0.890 0.921 0.967 0.990 
x40 0.995 1.020 0.959 1.001 1.014 1.041 
x41 1.032 1.099 1.021 1.069 1.064 1.088 
x42 1.092 1.153 1.069 1.127 1.125 1.151 
x43 0.711 0.770 0.707 0.789 0.839 0.942 
x44 0.757 0.826 0.744 0.825 0.849 0.931 
x45 0.816 0.888 0.789 0.866 0.868 0.971 
x46 0.840 0.944 0.821 0.921 0.901 1.016 
x47 0.877 0.980 0.852 0.955 0.907 1.037 
x48 0.909 1.017 0.890 1.001 0.939 1.074 
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Table D.13: Maximum and significant run-up coefficients (Cmax and CS) at the frontal face of the OWC chamber (data 
corresponds to Series A and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 

       x01 0.840 0.915 0.876 0.935 0.889 1.024 
x02 0.905 0.997 0.909 1.037 0.940 1.073 
x03 0.976 1.081 0.978 1.108 0.971 1.115 
x04 0.852 0.889 0.886 0.950 0.919 0.964 
x05 0.954 0.985 0.953 0.999 0.979 1.004 
x06 1.067 1.122 1.054 1.091 1.050 1.081 
x07 0.808 0.859 0.795 0.838 0.726 0.753 
x08 0.835 0.861 0.847 0.873 0.789 0.813 
x09 0.877 0.925 0.884 0.914 0.846 0.895 
x10 0.744 0.780 0.622 0.701 0.716 0.737 
x11 0.774 0.799 0.724 0.782 0.755 0.768 
x12 0.796 0.838 0.794 0.832 0.801 0.829 
x13 0.685 0.725 0.615 0.669 0.671 0.726 
x14 0.712 0.745 0.674 0.714 0.706 0.737 
x15 0.756 0.793 0.730 0.755 0.746 0.784 
x16 0.773 0.850 0.660 0.686 0.714 0.742 
x17 0.771 0.803 0.711 0.741 0.748 0.772 
x18 0.799 0.818 0.771 0.783 0.784 0.800 
x19 0.774 0.796 0.720 0.739 0.729 0.748 
x20 0.792 0.804 0.767 0.789 0.766 0.789 
x21 0.852 0.862 0.831 0.846 0.832 0.847 
x22 0.738 0.795 0.677 0.724 0.664 0.710 
x23 0.745 0.794 0.718 0.764 0.714 0.755 
x24 0.776 0.860 0.766 0.831 0.764 0.839 
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Table D.14: Maximum and significant run-up coefficients (Cmax and CS) at the frontal face of the OWC chamber (data 
corresponds to Series B and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 

       x01 0.997 1.071 0.978 1.078 0.957 1.060 
x02 1.038 1.125 1.006 1.127 1.006 1.136 
x03 1.063 1.222 1.038 1.223 1.025 1.238 
x04 1.066 1.289 1.075 1.267 1.033 1.222 
x05 1.110 1.239 1.067 1.204 1.060 1.186 
x06 1.184 1.391 1.146 1.398 1.044 1.187 
x07 1.002 1.089 0.993 1.064 0.980 1.028 
x08 1.060 1.128 1.120 1.170 1.033 1.101 
x09 1.084 1.175 1.009 1.086 1.056 1.143 
x10 1.123 1.214 1.168 1.272 1.114 1.206 
x11 1.142 1.253 1.167 1.228 1.111 1.243 
x12 1.157 1.298 1.167 1.287 1.154 1.304 
x13 0.816 0.951 0.838 0.942 0.839 0.876 
x14 0.861 1.012 0.887 0.958 0.951 0.987 
x15 0.936 1.001 0.942 1.015 0.945 0.982 
x16 1.017 1.085 1.007 1.061 1.009 1.079 
x17 1.078 1.134 1.065 1.129 1.055 1.127 
x18 1.109 1.182 1.094 1.187 1.092 1.207 
x19 0.856 0.884 0.842 0.874 0.857 0.906 
x20 0.905 0.938 0.872 0.900 0.846 0.883 
x21 0.946 0.979 0.906 0.935 0.897 0.923 
x22 0.975 1.034 0.947 1.019 0.928 0.991 
x23 1.006 1.096 0.988 1.057 0.962 1.011 
x24 1.057 1.136 1.012 1.080 0.999 1.052 
x25 0.812 0.845 0.763 0.797 0.760 0.797 
x26 0.860 0.880 0.823 0.846 0.808 0.832 
x27 0.912 0.949 0.876 0.903 0.862 0.891 
x28 0.981 0.998 0.930 0.962 0.938 0.972 
x29 1.021 1.076 0.982 1.028 0.980 1.019 
x30 1.079 1.146 1.030 1.090 1.002 1.062 
x31 0.840 0.860 0.799 0.822 0.820 0.843 
x32 0.839 0.854 0.852 0.875 0.862 0.907 
x33 0.935 0.946 0.903 0.932 0.916 0.941 
x34 1.015 1.041 0.967 1.034 0.981 1.014 
x35 1.074 1.140 1.040 1.089 1.044 1.072 
x36 1.123 1.188 1.105 1.169 1.099 1.131 
x37 0.814 0.827 0.785 0.805 0.823 0.860 
x38 0.882 0.910 0.849 0.870 0.888 0.912 
x39 0.981 1.013 0.935 0.970 0.952 0.979 
x40 1.068 1.093 1.007 1.037 1.022 1.056 
x41 1.124 1.164 1.103 1.135 1.091 1.118 
x42 1.202 1.308 1.158 1.238 1.150 1.180 
x43 0.704 0.771 0.701 0.785 0.787 0.877 
x44 0.763 0.837 0.745 0.844 0.812 0.900 
x45 0.822 0.909 0.797 0.896 0.835 0.949 
x46 0.854 0.974 0.841 0.939 0.863 1.006 
x47 0.900 1.005 0.874 0.974 0.880 1.010 
x48 0.931 1.024 0.899 1.015 0.896 1.035 
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D.2. Irregular waves 

 
Table D.15: Mean, maximum differential pneumatic pressure and maximum to mean power coefficient (data 
corresponds to Series C, Series D and Series E; and the three orifice diameters: 30 mm, 44 mm and 51 mm; dimensions 
are at model scale). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

Pm 
[W] 

Pmax 
[W] 

Χmax  
[-] 

Pm 
[W] 

Pmax 
[W] 

Χmax  
[-] 

Pm 
[W] 

Pmax 
[W] 

Χmax  
[-] 

          Series C: Irregular waves analysis (JONSWAP spectrum) 
x01 0.142 1.444 10.137 0.181 2.088 11.554 0.172 2.137 12.392 
x02 0.289 2.803 9.702 0.350 3.925 11.205 0.322 4.376 13.570 
x03 0.440 7.087 16.109 0.504 10.565 20.962 0.447 11.343 25.390 
x04 0.635 5.668 8.922 0.745 8.635 11.584 0.666 9.623 14.458 
x05 0.874 9.329 10.669 1.040 13.456 12.938 0.954 14.346 15.044 
x06 1.089 17.187 15.780 1.273 21.059 16.539 1.163 21.563 18.541 
x07 1.385 10.793 7.792 1.592 15.173 9.530 1.426 15.976 11.202 

Series D: Spectral shape influence (PM spectrum) 
x01 0.245 2.730 11.142 0.295 4.188 14.218 0.274 4.497 16.414 
x02 0.402 4.921 12.251 0.470 6.351 13.503 0.432 6.408 14.824 
x03 0.566 7.167 12.670 0.670 11.022 16.450 0.624 11.670 18.694 
x04 0.764 8.145 10.659 0.917 11.651 12.712 0.844 12.024 14.245 

Series E: Wave period influence (JONSWAP spectrum) 
x01 0.426 5.067 11.882 0.546 7.359 13.475 0.521 7.901 15.168 
x02 0.453 4.682 10.325 0.532 6.831 12.852 0.477 7.034 14.755 
x03 0.471 4.241 9.007 0.499 6.357 12.734 0.422 6.353 15.053 
x04 0.466 4.511 9.688 0.448 6.366 14.199 0.360 6.748 18.765 
x05 0.452 3.874 8.562 0.396 4.446 11.241 0.306 4.271 13.951 
x06 0.422 7.463 17.679 0.367 9.193 25.080 0.293 9.656 32.952 
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Table D.16: Reflection, transmission and absorption coefficients (KR, KT and KA) obtained from the incident and 
reflected wave analysis (data corresponds to Series C, Series D and Series E; and the three orifice diameters: 30 mm, 
44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

KR [-] KT [-] KA [-] KR [-] KT [-] KA [-] KR [-] KT [-] KA [-] 

          
Series C: Irregular waves analysis (JONSWAP spectrum) 

x01 0.708 0.169 0.686 0.654 0.172 0.736 0.621 0.179 0.763 
x02 0.566 0.209 0.797 0.503 0.214 0.837 0.473 0.220 0.853 
x03 0.506 0.229 0.832 0.453 0.233 0.860 0.423 0.240 0.874 
x04 0.505 0.228 0.833 0.455 0.231 0.860 0.425 0.237 0.873 
x05 0.517 0.225 0.826 0.472 0.227 0.852 0.445 0.233 0.865 
x06 0.483 0.231 0.844 0.440 0.234 0.867 0.416 0.239 0.878 
x07 0.470 0.238 0.850 0.428 0.240 0.871 0.407 0.246 0.880 

Series D: Spectral shape influence (PM spectrum) 

x01 0.606 0.200 0.770 0.553 0.200 0.809 0.519 0.209 0.828 
x02 0.548 0.218 0.807 0.494 0.218 0.842 0.465 0.226 0.856 
x03 0.536 0.218 0.816 0.481 0.217 0.850 0.451 0.225 0.864 
x04 0.520 0.222 0.825 0.473 0.221 0.853 0.444 0.229 0.866 

Series E: Wave period influence (JONSWAP spectrum) 

x01 0.664 0.184 0.725 0.629 0.183 0.756 0.618 0.184 0.764 
x02 0.529 0.222 0.819 0.473 0.225 0.852 0.443 0.232 0.866 
x03 0.482 0.239 0.843 0.426 0.246 0.871 0.399 0.253 0.881 
x04 0.442 0.251 0.861 0.392 0.260 0.883 0.371 0.267 0.889 
x05 0.401 0.267 0.876 0.356 0.277 0.892 0.342 0.283 0.896 
x06 0.376 0.276 0.885 0.333 0.286 0.898 0.322 0.291 0.901 

          
 

Table D.17: Mean differential pneumatic power (Pm), incident wave power per device’s width (Piw) and capture width 
ratio (CWR) (data corresponds to Series C, Series D and Series E; and the three orifice diameters: 30 mm, 44 mm and 
51 mm; dimensions are at model scale). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

Pm 
[W] 

Piw 
[W] 

CWR  
[%] 

Pm 
[W] 

Piw 
[W] 

CWR  
[%] 

Pm 
[W] 

Piw 
[W] 

CWR  
[%] 

          
Series C: Irregular waves analysis (JONSWAP spectrum) 

x01 0.142 0.776 18.37% 0.181 0.747 24.20% 0.172 0.738 23.37% 
x02 0.289 1.675 17.25% 0.350 1.644 21.31% 0.322 1.646 19.59% 
x03 0.440 3.030 14.52% 0.504 2.981 16.91% 0.447 2.959 15.10% 
x04 0.635 4.532 14.02% 0.745 4.445 16.77% 0.666 4.422 15.05% 
x05 0.874 6.917 12.64% 1.040 6.670 15.59% 0.954 6.636 14.37% 
x06 1.089 8.952 12.17% 1.273 8.701 14.63% 1.163 8.668 13.42% 
x07 1.385 12.070 11.48% 1.592 11.782 13.51% 1.426 11.744 12.14% 

Series D: Spectral shape influence (PM spectrum) 

x01 0.245 1.410 17.38% 0.295 1.428 20.62% 0.274 1.355 20.22% 
x02 0.402 2.591 15.50% 0.470 2.629 17.89% 0.432 2.490 17.36% 
x03 0.566 3.930 14.39% 0.670 3.980 16.84% 0.624 3.798 16.44% 
x04 0.764 5.592 13.67% 0.917 5.690 16.11% 0.844 5.414 15.59% 

Series E: Wave period influence (JONSWAP spectrum) 

x01 0.426 2.894 14.73% 0.546 2.803 19.49% 0.521 2.803 18.58% 
x02 0.453 2.975 15.24% 0.532 2.878 18.47% 0.477 2.856 16.69% 
x03 0.471 3.231 14.57% 0.499 3.131 15.95% 0.422 3.096 13.63% 
x04 0.466 3.409 13.66% 0.448 3.302 13.58% 0.360 3.280 10.96% 
x05 0.452 3.480 13.00% 0.396 3.375 11.72% 0.306 3.380 9.06% 
x06 0.422 3.494 12.08% 0.367 3.366 10.89% 0.293 3.469 8.45% 
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Table D.18: Mean, maximum and significant Response Amplitude Operator (RAO) for the OWC chamber’s free 

surface oscillation (RAOC) (data corresponds to Series C, Series D and Series E; and the three orifice diameters: 30 mm, 
44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

RAOm 
[-] 

RAOmax 
[-] 

RAOS 
[-] 

RAOm 
[-] 

RAOmax 
[-] 

RAOS 
[-] 

RAOm 
[-] 

RAOmax 
[-] 

RAOS 
[-] 

          Series C: Irregular waves analysis (JONSWAP spectrum) 
x01 5.919 17.615 9.471 6.429 19.132 10.286 7.280 21.665 11.648 
x02 6.386 19.003 10.217 7.211 21.459 11.537 7.495 22.306 11.992 
x03 6.974 20.755 11.158 7.739 23.032 12.383 8.128 24.188 13.004 
x04 7.288 21.690 11.661 8.327 24.781 13.323 8.792 26.165 14.067 
x05 7.672 22.830 12.274 8.326 24.780 13.322 8.765 26.086 14.025 
x06 8.151 24.259 13.042 8.779 26.127 14.047 9.237 27.488 14.778 
x07 8.236 24.511 13.178 8.778 26.125 14.046 9.068 26.986 14.508 

Series D: Spectral shape influence (PM spectrum) 
x01 6.438 19.160 10.301 7.261 21.609 11.618 7.831 23.304 12.529 
x02 6.862 20.421 10.979 7.570 22.530 12.113 8.031 23.901 12.850 
x03 7.022 20.897 11.235 7.772 23.129 12.435 8.394 24.982 13.431 
x04 7.238 21.539 11.580 7.859 23.387 12.574 8.422 25.065 13.476 

Series E: Wave period influence (JONSWAP spectrum) 
x01 6.169 18.358 9.870 7.204 21.440 11.527 8.596 25.581 13.753 
x02 6.944 20.665 11.110 7.772 23.129 12.435 9.159 27.258 14.655 
x03 7.279 21.663 11.647 7.838 23.326 12.541 9.032 26.880 14.452 
x04 7.592 22.594 12.147 8.184 24.354 13.094 9.277 27.607 14.843 
x05 8.056 23.974 12.889 8.656 25.760 13.850 9.401 27.979 15.042 
x06 8.279 24.639 13.247 9.398 27.967 15.036 10.046 29.897 16.073 

          
 

Table D.19: Mean, maximum and significant Response Amplitude Operator (RAO) for the pneumatic pressure (RAOP) 
(data corresponds to Series C, Series D and Series E; and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

RAOm 
[-] 

RAOmax 
[-] 

RAOS 
[-] 

RAOm 
[-] 

RAOmax 
[-] 

RAOS 
[-] 

RAOm 
[-] 

RAOmax 
[-] 

RAOS 
[-] 

          Series C: Irregular waves analysis (JONSWAP spectrum) 
x01 10.365 30.845 16.584 9.296 27.665 14.874 8.428 25.081 13.484 
x02 10.994 32.718 17.590 10.472 31.164 16.755 9.311 27.710 14.898 
x03 11.573 34.441 18.517 11.004 32.747 17.606 10.022 29.826 16.036 
x04 12.129 36.095 19.406 11.812 35.152 18.899 10.836 32.249 17.338 
x05 12.547 37.340 20.075 11.890 35.383 19.023 11.025 32.810 17.640 
x06 12.647 37.637 20.235 11.937 35.524 19.099 10.991 32.708 17.585 
x07 12.987 38.649 20.779 12.422 36.968 19.875 11.383 33.876 18.213 

Series D: Spectral shape influence (PM spectrum) 
x01 11.338 33.741 18.140 10.363 30.842 16.582 9.691 28.841 15.506 
x02 11.534 34.326 18.455 10.747 31.982 17.195 9.854 29.325 15.766 
x03 11.498 34.219 18.398 10.881 32.380 17.409 10.232 30.450 16.371 
x04 11.808 35.140 18.893 11.147 33.173 17.835 10.364 30.844 16.583 

Series E: Wave period influence (JONSWAP spectrum) 
x01 10.744 31.973 17.190 10.260 30.534 16.416 9.393 27.953 15.029 
x02 11.455 34.090 18.328 10.846 32.277 17.353 9.849 29.310 15.758 
x03 11.774 35.039 18.838 10.934 32.539 17.494 9.864 29.354 15.782 
x04 12.331 36.697 19.729 11.249 33.477 17.999 9.993 29.740 15.989 
x05 11.856 35.282 18.969 10.771 32.055 17.234 9.426 28.051 15.081 
x06 12.229 36.395 19.567 11.421 33.988 18.273 9.948 29.606 15.917 
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Table D.20: Non-dimensional damping coefficients for the exhalation, inhalation and the mean of both (B*exh, B*inh 
and B*m; data corresponds to Series C, Series D and Series E; and the three orifice diameters: 30 mm, 44 mm and 
51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

𝑩𝒆𝒙𝒉
∗  𝑩𝒊𝒏𝒉

∗  𝑩𝒎
∗  𝑩𝒆𝒙𝒉

∗  𝑩𝒊𝒏𝒉
∗  𝑩𝒎

∗  𝑩𝒆𝒙𝒉
∗  𝑩𝒊𝒏𝒉

∗  𝑩𝒎
∗  

          
Series C: Irregular waves analysis (JONSWAP spectrum) 

x01 206.560 209.929 208.251 104.557 108.191 106.390 71.663 78.952 75.396 
x02 203.989 209.087 206.554 103.934 107.948 105.960 71.015 79.599 75.429 
x03 200.631 207.189 203.936 103.449 107.372 105.429 71.806 79.292 75.642 
x04 199.203 205.285 202.267 103.168 106.764 104.981 71.662 79.277 75.565 
x05 196.838 202.984 199.934 102.786 106.764 104.794 71.657 79.344 75.599 
x06 195.054 193.489 194.273 102.439 104.775 103.613 71.901 78.665 75.359 
x07 196.557 196.901 196.729 101.993 105.481 103.751 71.444 78.755 75.188 

Series D: Spectral shape influence (PM spectrum) 

x01 205.398 208.548 206.979 104.275 107.060 105.677 71.273 78.502 74.974 
x02 201.111 205.728 203.433 102.962 106.674 104.834 70.966 78.750 74.959 
x03 198.895 203.654 201.288 102.190 105.555 103.886 70.529 78.342 74.538 
x04 198.182 200.732 199.461 102.517 105.660 104.100 70.624 78.327 74.575 

Series E: Wave period influence (JONSWAP spectrum) 

x01 199.226 204.935 202.101 101.814 106.042 103.949 71.699 78.669 75.264 
x02 200.604 206.867 203.759 102.145 106.291 104.239 71.541 78.546 75.126 
x03 201.393 206.566 203.996 102.154 106.211 104.202 71.965 78.776 75.447 
x04 203.287 207.582 205.446 103.233 106.418 104.838 72.760 79.614 76.264 
x05 201.951 206.856 204.418 103.908 106.860 105.394 73.213 79.564 76.454 
x06 203.275 207.254 205.274 103.819 106.636 105.237 74.500 79.962 77.280 

          
 
Table D.21: Maximum and significant run-up coefficients (Cmax and CS) at the monopile (data corresponds to Series C, 
Series D and Series E; and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 

       
Series C: Irregular waves analysis (JONSWAP spectrum) 

x01 0.845 1.270 0.783 1.212 0.809 1.219 
x02 0.915 1.529 0.856 1.408 0.857 1.451 
x03 0.851 2.043 0.823 2.013 0.820 1.987 
x04 0.894 1.765 0.858 1.687 0.857 1.715 
x05 0.861 1.752 0.849 1.765 0.845 1.707 
x06 0.895 2.266 0.866 2.316 0.872 2.330 
x07 0.945 1.698 0.907 1.674 0.919 1.658 

Series D: Spectral shape influence (PM spectrum) 

x01 0.875 2.103 0.812 1.981 0.846 1.633 
x02 0.870 2.126 0.808 2.063 0.837 2.143 
x03 0.885 1.845 0.822 1.540 0.833 1.563 
x04 0.921 1.890 0.858 1.824 0.878 1.919 

Series E: Wave period influence (JONSWAP spectrum) 

x01 0.869 2.076 0.799 1.948 0.798 1.797 
x02 0.883 1.601 0.820 1.515 0.834 1.501 
x03 0.837 1.470 0.778 1.371 0.792 1.394 
x04 0.851 1.581 0.793 1.519 0.808 1.524 
x05 0.798 1.316 0.770 1.263 0.757 1.268 
x06 0.777 2.169 0.752 2.105 0.735 2.085 
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Table D.22: Maximum and significant run-up coefficients (Cmax and CS) at the frontal face of the OWC chamber (data 
corresponds to Series C, Series D and Series E; and the three orifice diameters: 30 mm, 44 mm and 51 mm). 

Test 
number 

Ø30 mm Ø44 mm Ø51 mm 

𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 𝑪𝑺 𝑪𝒎𝒂𝒙 

       
Series C: Irregular waves analysis (JONSWAP spectrum) 

x01 0.910 1.557 0.934 1.605 0.899 1.596 
x02 0.965 1.608 0.996 1.726 0.929 1.572 
x03 0.890 2.120 0.925 2.237 0.874 2.088 
x04 0.944 1.930 0.985 2.130 0.918 2.001 
x05 0.907 1.828 0.964 1.940 0.915 1.817 
x06 0.937 2.545 0.981 2.634 0.932 2.576 
x07 0.983 1.754 1.039 1.870 0.993 1.862 

Series D: Spectral shape influence (PM spectrum) 

x01 0.961 2.388 0.918 2.278 0.942 1.943 
x02 0.928 2.361 0.891 2.340 0.910 2.404 
x03 0.952 2.450 0.907 1.679 0.919 1.770 
x04 0.981 2.198 0.947 2.023 0.963 2.007 

Series E: Wave period influence (JONSWAP spectrum) 

x01 0.942 2.185 0.918 2.232 0.871 2.068 
x02 0.935 1.705 0.928 1.656 0.889 1.654 
x03 0.866 1.629 0.869 1.633 0.843 1.556 
x04 0.851 1.713 0.859 1.801 0.828 1.755 
x05 0.806 1.351 0.848 1.488 0.783 1.412 
x06 0.793 2.224 0.825 2.362 0.767 2.213 
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D.3. Repeatability tests 

 
Table D.23: Correlation coefficients (R2) for each one of the repeatability test for the nine wave gauge sensors (WG_01-
WG_09) positioned along the wave flume and near to the OWC model (data corresponds to Series AR and the small 
orifice diameters: 30 mm; note also that data have been structured into groups of 5 tests where the first one constitutes 
the reference value). 

Test 
number 

WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

          3001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3002 0.996 0.998 0.996 0.998 0.998 0.997 0.996 0.985 0.993 
3003 0.997 0.998 0.997 0.999 0.998 0.998 0.999 0.996 0.993 
3004 0.997 0.999 0.998 0.999 0.998 0.998 0.998 0.993 0.992 
3005 0.997 0.998 0.998 0.999 0.999 0.998 0.997 0.996 0.993 
3006 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3007 0.999 0.999 0.998 0.999 0.999 0.999 0.999 0.998 0.994 
3008 1.000 1.000 0.999 1.000 1.000 0.999 0.999 0.999 0.995 
3009 0.999 0.999 0.999 0.999 1.000 0.999 0.999 0.999 0.995 
3010 0.999 1.000 0.999 0.999 1.000 1.000 0.999 0.999 0.997 
3011 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3012 0.995 0.997 0.991 0.991 0.998 0.997 0.997 0.990 0.995 
3013 0.994 0.994 0.993 0.969 0.995 0.997 0.994 0.990 0.995 
3014 0.995 0.984 0.988 0.940 0.997 0.996 0.990 0.980 0.994 
3015 0.996 0.978 0.989 0.986 0.997 0.998 0.989 0.985 0.996 
3016 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3017 0.997 0.996 0.997 0.983 1.000 0.999 0.999 0.999 0.996 
3018 0.999 0.998 0.997 0.985 1.000 0.999 0.999 0.999 0.994 
3019 0.998 0.996 0.993 0.977 0.998 0.998 0.997 0.997 0.993 
3020 0.998 0.997 0.998 0.983 0.998 0.998 0.997 0.997 0.994 
3021 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3022 0.997 0.998 0.973 0.976 0.996 0.994 0.990 0.988 0.993 
3023 0.991 0.998 0.952 0.981 0.997 0.998 0.991 0.988 0.989 
3024 0.995 0.998 0.980 0.982 0.997 0.998 0.993 0.993 0.993 
3025 0.996 0.999 0.820 0.993 0.998 0.997 0.994 0.994 0.992 
3026 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3027 0.998 0.997 0.977 0.993 0.998 0.998 0.997 0.998 0.996 
3028 0.999 0.999 0.990 0.994 0.999 0.999 0.998 0.999 0.997 
3029 0.999 0.999 0.992 0.996 1.000 0.999 0.998 0.999 0.998 
3030 0.998 0.998 0.975 0.991 0.998 0.998 0.997 0.998 0.997 
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Table D.24: Correlation coefficients (R2) for each one of the repeatability test for: (i) each one of each one of the three 
Ultrasonic Water Level (UWL) sensors used to measure the free surface inside the OWC; (ii) the mean of the three 
UWL sensors; (iii) the instantaneous pneumatic pressure (Δp); (iv) the pneumatic power output (P); and (v) the air flow 
rate at the orifice (q) (data corresponds to Series AR and the small orifice diameters: 30 mm; note also that data have 
been structured into groups of 5 tests where the first one constitutes the reference value). 

Test 
number 

UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

        3001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3002 0.979 0.994 0.995 0.995 0.998 0.937 0.992 
3003 0.986 0.956 0.995 0.993 0.999 0.966 0.992 
3004 0.989 0.996 0.995 0.998 0.999 0.968 0.995 
3005 0.993 0.995 0.996 0.998 0.999 0.972 0.996 
3006 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3007 0.995 0.996 0.995 0.998 0.999 0.978 0.996 
3008 0.994 0.997 0.994 0.999 1.000 0.978 0.996 
3009 0.994 0.996 0.996 0.998 1.000 0.980 0.996 
3010 0.993 0.996 0.996 0.998 1.000 0.978 0.996 
3011 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3012 0.994 0.997 0.918 0.990 0.999 0.963 0.973 
3013 0.993 0.997 0.997 0.998 0.998 0.967 0.995 
3014 0.995 0.995 0.996 0.998 0.998 0.965 0.994 
3015 0.996 0.997 0.998 0.999 0.999 0.971 0.996 
3016 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3017 0.985 0.998 0.997 0.997 1.000 0.962 0.995 
3018 0.996 0.998 0.998 0.999 1.000 0.969 0.997 
3019 0.996 0.928 0.996 0.991 0.998 0.969 0.981 
3020 0.995 0.997 0.996 0.998 0.998 0.957 0.996 
3021 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3022 0.997 0.997 0.998 0.999 0.999 0.969 0.995 
3023 0.997 0.998 0.997 0.999 0.998 0.972 0.995 
3024 0.997 0.966 0.998 0.996 0.999 0.969 0.991 
3025 0.995 0.998 0.997 0.999 0.999 0.968 0.995 
3026 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3027 0.995 0.985 0.997 0.996 0.998 0.970 0.993 
3028 0.998 0.987 0.998 0.998 0.999 0.973 0.994 
3029 0.997 0.987 0.999 0.998 1.000 0.980 0.995 
3030 0.996 0.986 0.997 0.997 0.999 0.974 0.994 
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Table D.25: Normalised Root Mean Square Error (NRMSE) for each one of the repeatability test for the nine wave 
gauge sensors (WG_01-WG_09) positioned along the wave flume and near to the OWC model (data corresponds to 
Series AR and the small orifice diameters: 30 mm; note also that data have been structured into groups of 5 tests where 
the first one constitutes the reference value). 

Test 
number 

WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

          3001 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3002 5.26% 4.46% 8.20% 3.90% 2.94% 4.58% 7.57% 11.87% 19.84% 
3003 3.80% 4.00% 4.95% 2.99% 7.77% 4.23% 12.10% 6.02% 12.45% 
3004 3.51% 5.63% 3.49% 4.13% 5.31% 4.36% 11.66% 15.77% 25.74% 
3005 5.72% 3.39% 3.41% 7.29% 2.95% 3.93% 6.46% 7.28% 17.49% 
3006 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3007 1.99% 1.86% 3.24% 1.96% 1.65% 2.36% 7.31% 3.07% 12.38% 
3008 2.67% 1.39% 5.05% 1.25% 2.80% 2.29% 4.17% 2.06% 9.42% 
3009 1.63% 1.94% 3.32% 1.91% 2.21% 2.04% 4.87% 2.20% 10.99% 
3010 2.31% 2.88% 3.16% 1.90% 1.00% 1.56% 4.18% 2.21% 8.42% 
3011 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3012 4.63% 13.47% 7.58% 6.07% 3.20% 3.44% 3.90% 6.68% 8.92% 
3013 6.12% 5.85% 6.02% 11.43% 5.78% 8.63% 7.58% 7.81% 4.78% 
3014 4.91% 8.53% 14.42% 18.64% 5.63% 4.22% 9.37% 8.60% 6.80% 
3015 4.34% 15.22% 10.58% 11.14% 3.63% 3.28% 8.09% 10.73% 5.09% 
3016 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3017 5.54% 5.62% 3.61% 13.41% 1.17% 2.25% 5.77% 5.12% 4.67% 
3018 2.43% 3.90% 4.78% 11.50% 1.50% 1.74% 6.70% 5.74% 8.01% 
3019 3.31% 8.06% 12.73% 10.89% 2.99% 3.08% 6.17% 4.52% 8.45% 
3020 3.13% 6.55% 4.31% 10.20% 3.02% 3.05% 7.30% 4.96% 8.28% 
3021 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3022 8.69% 7.56% 12.07% 12.43% 8.73% 6.56% 10.97% 11.48% 6.36% 
3023 7.12% 6.19% 20.97% 12.18% 3.72% 3.30% 7.01% 6.92% 10.04% 
3024 6.63% 3.57% 10.29% 8.39% 4.53% 3.62% 5.45% 11.76% 7.47% 
3025 4.45% 5.37% 36.34% 7.09% 3.97% 4.65% 8.90% 5.94% 7.52% 
3026 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3027 2.85% 6.11% 9.76% 6.77% 4.46% 2.89% 3.73% 2.94% 5.07% 
3028 2.23% 5.43% 6.45% 4.42% 2.68% 2.50% 3.22% 2.59% 4.33% 
3029 2.29% 6.39% 6.31% 5.80% 2.27% 1.89% 3.12% 3.86% 4.16% 
3030 2.91% 5.57% 9.27% 8.11% 3.36% 2.88% 4.33% 3.33% 3.65% 
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Table D.26: Normalised Root Mean Square Error (NRMSE) for each one of the repeatability test for: (i) each one of 
each one of the three Ultrasonic Water Level (UWL) sensors used to measure the free surface inside the OWC; (ii) the 
mean of the three UWL sensors; (iii) the instantaneous pneumatic pressure (Δp); (iv) the pneumatic power output (P); 
and (v) the air flow rate at the orifice (q) (data corresponds to Series AR and the small orifice diameters: 30 mm; note 
also that data have been structured into groups of 5 tests where the first one constitutes the reference value). 

Test 
number 

UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

        3001 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3002 9.86% 6.01% 5.14% 5.20% 2.93% 11.13% 5.52% 
3003 8.05% 13.97% 5.21% 6.18% 1.76% 8.10% 5.52% 
3004 7.68% 4.10% 5.20% 3.66% 1.89% 7.99% 4.39% 
3005 5.57% 4.51% 5.23% 3.45% 2.11% 7.44% 4.08% 
3006 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3007 4.93% 3.83% 4.94% 2.83% 1.86% 6.84% 4.07% 
3008 5.31% 3.63% 5.57% 2.76% 1.00% 6.78% 3.77% 
3009 5.40% 4.23% 4.64% 3.21% 1.35% 6.60% 3.94% 
3010 5.50% 3.98% 5.16% 3.05% 1.15% 6.87% 4.13% 
3011 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3012 4.66% 5.81% 18.70% 7.18% 2.26% 9.32% 11.06% 
3013 5.17% 3.88% 3.61% 3.16% 2.54% 8.72% 4.84% 
3014 4.24% 6.55% 4.11% 3.47% 2.91% 8.93% 5.05% 
3015 4.09% 3.45% 3.16% 2.41% 2.33% 8.23% 4.06% 
3016 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3017 7.97% 3.21% 3.88% 3.43% 1.42% 7.93% 4.69% 
3018 4.18% 3.07% 3.17% 2.04% 1.11% 6.98% 3.73% 
3019 4.43% 90.63% 3.97% 32.46% 2.99% 7.18% 9.54% 
3020 4.67% 3.85% 4.10% 2.82% 2.52% 8.25% 4.47% 
3021 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3022 4.09% 3.89% 3.32% 2.07% 2.37% 8.24% 4.85% 
3023 3.82% 3.25% 3.70% 2.32% 2.43% 7.75% 4.76% 
3024 3.64% 12.11% 2.82% 4.59% 2.20% 8.24% 6.16% 
3025 4.79% 5.97% 3.56% 3.19% 2.10% 8.39% 4.71% 
3026 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3027 4.63% 5.42% 4.26% 3.41% 2.71% 8.60% 5.11% 
3028 3.31% 5.11% 3.58% 2.71% 1.89% 8.30% 4.71% 
3029 3.34% 4.66% 2.81% 2.40% 1.08% 6.94% 4.26% 
3030 4.11% 4.99% 3.89% 3.12% 2.28% 7.96% 4.80% 
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Table D.27: Correlation coefficients (R2) for each one of the repeatability test for the nine wave gauge sensors (WG_01-
WG_09) positioned along the wave flume and near to the OWC model (data corresponds to Series BR and the small 
orifice diameters: 30 mm; note also that data have been structured into groups of 5 tests where the first one constitutes 
the reference value). 

Test 
number 

WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

          3001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3002 0.987 0.987 0.986 0.987 0.986 0.987 0.986 0.986 0.986 
3003 0.987 0.987 0.987 0.987 0.987 0.987 0.987 0.987 0.987 
3004 0.989 0.989 0.989 0.989 0.988 0.989 0.989 0.988 0.988 
3005 0.978 0.977 0.978 0.977 0.977 0.978 0.977 0.976 0.978 
3006 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3007 1.000 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 
3008 0.999 0.998 0.998 0.997 0.997 0.997 0.997 0.997 0.997 
3009 0.997 0.997 0.997 0.997 0.996 0.997 0.997 0.996 0.997 
3010 0.996 0.994 0.994 0.994 0.994 0.995 0.994 0.994 0.993 
3011 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3012 0.999 0.999 0.999 0.996 0.999 0.999 0.999 0.999 0.999 
3013 0.999 0.999 0.999 0.998 0.999 0.999 0.999 0.999 0.998 
3014 0.999 0.999 0.999 0.997 0.999 0.999 0.999 0.999 0.998 
3015 0.999 0.999 0.999 0.997 0.999 0.999 0.999 0.999 0.998 
3016 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3017 0.999 0.999 0.999 0.998 0.999 0.999 0.999 0.999 0.998 
3018 0.998 0.998 0.998 0.997 0.997 0.998 0.998 0.997 0.997 
3019 0.999 0.999 0.999 0.998 0.999 0.999 0.999 0.999 0.999 
3020 0.997 0.997 0.997 0.993 0.997 0.997 0.997 0.996 0.996 
3021 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3022 0.998 0.999 0.998 0.997 0.999 0.999 0.999 0.999 0.997 
3023 0.998 0.999 0.998 0.995 0.999 0.999 0.999 0.998 0.997 
3024 0.998 0.999 0.998 0.997 0.999 0.998 0.998 0.998 0.996 
3025 0.998 0.999 0.998 0.997 0.999 0.999 0.999 0.999 0.998 
3026 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3027 0.999 0.999 0.997 0.998 0.998 0.998 0.998 0.998 0.996 
3028 0.998 0.999 0.997 0.997 0.998 0.998 0.998 0.998 0.995 
3029 0.999 0.999 0.997 0.998 0.998 0.998 0.998 0.998 0.997 
3030 0.998 0.998 0.996 0.996 0.997 0.998 0.998 0.997 0.994 
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Table D.28: Correlation coefficients (R2) for each one of the repeatability test for: (i) each one of each one of the three 
Ultrasonic Water Level (UWL) sensors used to measure the free surface inside the OWC; (ii) the mean of the three 
UWL sensors; (iii) the instantaneous pneumatic pressure (Δp); (iv) the pneumatic power output (P); and (v) the air flow 
rate at the orifice (q) (data corresponds to Series BR and the small orifice diameters: 30 mm; note also that data have 
been structured into groups of 5 tests where the first one constitutes the reference value). 

Test 
number 

UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

        3001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3002 0.983 0.965 0.983 0.985 0.984 0.921 0.982 
3003 0.982 0.985 0.976 0.985 0.984 0.918 0.982 
3004 0.982 0.981 0.981 0.988 0.987 0.920 0.984 
3005 0.966 0.971 0.972 0.976 0.974 0.870 0.970 
3006 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3007 0.991 0.510 0.983 0.925 0.999 0.957 0.946 
3008 0.990 0.925 0.986 0.987 0.997 0.957 0.973 
3009 0.989 0.948 0.989 0.992 0.996 0.957 0.982 
3010 0.986 0.851 0.987 0.974 0.993 0.948 0.966 
3011 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3012 0.997 0.985 0.997 0.997 0.999 0.975 0.995 
3013 0.995 0.997 0.997 0.998 0.999 0.972 0.996 
3014 0.996 0.997 0.997 0.998 0.999 0.974 0.996 
3015 0.995 0.998 0.997 0.998 0.999 0.966 0.996 
3016 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3017 0.989 0.995 0.988 0.997 0.998 0.926 0.993 
3018 0.993 0.992 0.988 0.997 0.997 0.953 0.992 
3019 0.993 0.988 0.992 0.997 0.999 0.957 0.992 
3020 0.987 0.993 0.986 0.994 0.996 0.918 0.989 
3021 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3022 0.996 0.997 0.998 0.998 0.999 0.978 0.996 
3023 0.997 0.998 0.998 0.999 0.999 0.971 0.996 
3024 0.996 0.997 0.997 0.998 0.998 0.970 0.995 
3025 0.997 0.998 0.998 0.999 0.999 0.974 0.996 
3026 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3027 0.981 0.989 0.987 0.995 0.998 0.839 0.975 
3028 0.987 0.987 0.985 0.994 0.998 0.910 0.975 
3029 0.979 0.989 0.989 0.994 0.998 0.836 0.972 
3030 0.982 0.980 0.983 0.991 0.997 0.855 0.965 
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Table D.29: Normalised Root Mean Square Error (NRMSE) for each one of the repeatability test for the nine wave 
gauge sensors (WG_01-WG_09) positioned along the wave flume and near to the OWC model (data corresponds to 
Series BR and the small orifice diameters: 30 mm; note also that data have been structured into groups of 5 tests where 
the first one constitutes the reference value). 

Test 
number 

WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

          3001 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3002 6.97% 7.98% 8.47% 7.76% 7.73% 8.12% 8.04% 7.84% 8.40% 
3003 6.97% 7.86% 8.34% 7.78% 7.58% 7.93% 8.28% 7.51% 7.93% 
3004 6.28% 7.52% 7.62% 6.92% 7.08% 7.44% 7.33% 7.24% 7.71% 
3005 9.04% 10.94% 10.89% 10.50% 10.05% 10.70% 10.46% 10.05% 10.22% 
3006 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3007 1.10% 1.84% 2.26% 1.78% 2.06% 2.04% 2.03% 2.95% 3.30% 
3008 2.35% 3.46% 3.59% 3.16% 3.93% 3.74% 3.44% 4.19% 4.02% 
3009 3.10% 3.92% 4.27% 3.37% 3.89% 3.94% 3.83% 4.89% 4.01% 
3010 3.80% 5.62% 6.06% 4.96% 4.76% 5.08% 5.08% 4.94% 6.29% 
3011 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3012 2.86% 2.46% 2.60% 5.02% 1.80% 2.07% 1.81% 2.09% 4.29% 
3013 2.45% 3.32% 2.09% 3.70% 2.59% 2.24% 2.15% 2.34% 4.04% 
3014 4.96% 2.84% 4.11% 3.61% 1.79% 2.00% 2.22% 2.32% 3.82% 
3015 5.11% 3.25% 2.53% 5.32% 3.19% 2.86% 2.58% 3.09% 6.85% 
3016 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3017 2.61% 2.45% 2.35% 7.35% 1.77% 1.71% 1.96% 1.80% 3.11% 
3018 2.63% 3.23% 3.55% 7.24% 3.24% 3.03% 2.93% 3.00% 3.55% 
3019 1.86% 2.36% 1.80% 6.31% 1.55% 1.82% 1.74% 1.75% 2.45% 
3020 2.97% 4.14% 4.47% 7.42% 3.49% 3.41% 3.31% 3.39% 4.18% 
3021 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3022 5.07% 1.69% 3.23% 4.29% 1.69% 2.25% 3.15% 2.55% 3.71% 
3023 2.93% 2.19% 2.68% 8.78% 1.89% 2.29% 2.55% 3.09% 4.03% 
3024 3.16% 4.42% 9.35% 6.72% 5.05% 5.55% 4.44% 6.87% 10.31% 
3025 3.59% 1.97% 2.55% 6.27% 2.07% 2.17% 2.09% 3.94% 4.90% 
3026 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3027 4.44% 2.47% 2.74% 2.88% 3.13% 2.72% 2.36% 2.35% 7.07% 
3028 3.69% 2.22% 3.12% 3.45% 3.10% 2.81% 2.58% 2.48% 7.90% 
3029 3.19% 2.16% 3.69% 4.44% 3.08% 2.91% 2.53% 2.39% 7.14% 
3030 3.22% 2.59% 4.60% 5.17% 4.06% 3.54% 3.74% 3.25% 11.01% 
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Table D.30: Normalised Root Mean Square Error (NRMSE) for each one of the repeatability test for: (i) each one of 
each one of the three Ultrasonic Water Level (UWL) sensors used to measure the free surface inside the OWC; (ii) the 
mean of the three UWL sensors; (iii) the instantaneous pneumatic pressure (Δp); (iv) the pneumatic power output (P); 
and (v) the air flow rate at the orifice (q) (data corresponds to Series BR and the small orifice diameters: 30 mm; note 
also that data have been structured into groups of 5 tests where the first one constitutes the reference value). 

Test 
number 

UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

        3001 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3002 8.97% 11.91% 9.15% 8.32% 7.98% 13.44% 8.57% 
3003 9.11% 7.76% 10.72% 8.34% 7.89% 13.63% 8.64% 
3004 9.44% 8.49% 9.59% 7.45% 7.06% 13.51% 8.13% 
3005 12.48% 10.54% 11.65% 10.57% 10.07% 17.07% 10.96% 
3006 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3007 6.65% 55.20% 10.02% 24.49% 1.94% 8.51% 13.42% 
3008 6.77% 17.25% 8.60% 8.05% 3.58% 8.73% 10.50% 
3009 7.55% 12.57% 7.48% 5.96% 3.90% 8.31% 7.99% 
3010 7.91% 19.98% 9.25% 10.18% 5.12% 9.03% 10.68% 
3011 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3012 5.16% 79.11% 9.07% 24.15% 1.53% 7.37% 4.69% 
3013 5.17% 3.45% 6.14% 3.14% 1.77% 7.77% 4.18% 
3014 4.30% 3.84% 8.51% 3.67% 1.90% 7.54% 4.19% 
3015 5.60% 5.52% 10.33% 6.36% 1.88% 8.56% 4.50% 
3016 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3017 6.07% 5.59% 18.51% 7.45% 2.29% 12.70% 5.43% 
3018 4.89% 5.53% 11.70% 4.64% 2.92% 10.03% 5.80% 
3019 4.83% 18.49% 18.26% 3.69% 1.76% 9.60% 5.68% 
3020 6.68% 5.33% 11.96% 5.82% 3.51% 13.36% 6.65% 
3021 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3022 4.10% 3.15% 3.22% 2.73% 1.90% 7.88% 4.49% 
3023 3.74% 4.89% 21.65% 5.78% 1.99% 9.09% 4.45% 
3024 8.41% 6.04% 11.97% 8.48% 2.66% 9.23% 4.83% 
3025 3.90% 2.80% 5.54% 3.06% 1.66% 8.67% 4.37% 
3026 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3027 8.23% 7.49% 7.45% 5.58% 2.41% 14.04% 8.31% 
3028 6.94% 9.02% 7.35% 5.80% 2.81% 10.10% 8.25% 
3029 8.64% 7.43% 7.04% 5.98% 2.57% 13.58% 8.78% 
3030 9.34% 10.62% 10.53% 8.58% 3.54% 13.24% 9.79% 
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Table D.31: Correlation coefficients (R2) for each one of the repeatability test for the nine wave gauge sensors (WG_01-
WG_09) positioned along the wave flume and near to the OWC model (data corresponds to Series CR and the small 
orifice diameters: 30 mm; note also that data have been structured into groups of 5 tests where the first one constitutes 
the reference value). 

Test 
number 

WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

          3001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3002 0.991 0.993 0.992 0.993 0.994 0.994 0.994 0.993 0.992 
3003 0.993 0.995 0.995 0.995 0.997 0.996 0.997 0.995 0.994 
3004 0.984 0.986 0.984 0.985 0.989 0.988 0.989 0.984 0.989 
3005 0.985 0.986 0.985 0.986 0.991 0.989 0.990 0.985 0.990 
3006 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3007 0.994 0.995 0.995 0.992 0.996 0.996 0.996 0.993 0.996 
3008 0.992 0.992 0.992 0.988 0.993 0.994 0.994 0.990 0.995 
3009 0.986 0.986 0.985 0.978 0.987 0.988 0.988 0.981 0.992 
3010 0.989 0.987 0.986 0.979 0.989 0.990 0.990 0.982 0.995 
3011 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3012 0.987 0.987 0.986 0.984 0.989 0.987 0.990 0.976 0.984 
3013 0.995 0.995 0.994 0.993 0.996 0.996 0.996 0.994 0.995 
3014 0.996 0.997 0.995 0.995 0.998 0.997 0.998 0.996 0.995 
3015 0.990 0.989 0.987 0.985 0.991 0.991 0.991 0.988 0.993 

          
 

 

 
Table D.32: Correlation coefficients (R2) for each one of the repeatability test for: (i) each one of each one of the three 
Ultrasonic Water Level (UWL) sensors used to measure the free surface inside the OWC; (ii) the mean of the three 
UWL sensors; (iii) the instantaneous pneumatic pressure (Δp); (iv) the pneumatic power output (P); and (v) the air flow 
rate at the orifice (q) (data corresponds to Series CR and the small orifice diameters: 30 mm; note also that data have 
been structured into groups of 5 tests where the first one constitutes the reference value). 

Test 
number 

UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

        3001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3002 0.976 0.957 0.990 0.989 0.995 0.957 0.987 
3003 0.974 0.977 0.990 0.993 0.998 0.968 0.989 
3004 0.973 0.964 0.988 0.988 0.992 0.957 0.984 
3005 0.979 0.978 0.987 0.991 0.994 0.960 0.987 
3006 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3007 0.990 0.995 0.993 0.997 0.998 0.980 0.993 
3008 0.988 0.993 0.987 0.995 0.997 0.977 0.989 
3009 0.984 0.992 0.991 0.993 0.993 0.964 0.988 
3010 0.988 0.994 0.989 0.996 0.995 0.973 0.990 
3011 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3012 0.974 0.910 0.972 0.980 0.991 0.916 0.930 
3013 0.988 0.990 0.992 0.996 0.998 0.961 0.989 
3014 0.991 0.991 0.993 0.997 0.999 0.969 0.991 
3015 0.985 0.987 0.989 0.993 0.994 0.956 0.984 
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Table D.33: Normalised Root Mean Square Error (NRMSE) for each one of the repeatability test for the nine wave 
gauge sensors (WG_01-WG_09) positioned along the wave flume and near to the OWC model (data corresponds to 
Series CR and the small orifice diameters: 30 mm; note also that data have been structured into groups of 5 tests where 
the first one constitutes the reference value). 

Test 
number 

WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

          3001 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3002 2.84% 2.84% 2.95% 2.74% 2.35% 2.50% 2.48% 2.64% 3.25% 
3003 2.32% 2.30% 2.41% 2.24% 1.73% 2.01% 1.84% 2.39% 3.08% 
3004 3.65% 3.84% 4.02% 4.00% 3.22% 3.61% 3.48% 3.98% 3.82% 
3005 3.54% 3.76% 3.95% 3.89% 3.04% 3.43% 3.25% 3.94% 3.74% 
3006 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3007 1.55% 1.92% 1.74% 2.18% 1.41% 1.43% 1.42% 1.77% 2.14% 
3008 1.76% 2.35% 2.18% 2.62% 1.73% 1.71% 1.71% 2.08% 2.61% 
3009 2.30% 3.21% 2.97% 3.60% 2.43% 2.40% 2.44% 2.89% 2.99% 
3010 2.06% 2.99% 2.86% 3.49% 2.22% 2.19% 2.17% 2.78% 2.45% 
3011 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3012 3.27% 2.06% 3.39% 3.38% 2.49% 2.96% 2.57% 4.02% 4.40% 
3013 2.18% 1.44% 2.36% 2.30% 1.55% 1.59% 1.56% 1.93% 2.42% 
3014 1.74% 1.48% 2.32% 2.15% 1.13% 1.43% 1.29% 1.64% 2.41% 
3015 2.85% 2.04% 3.54% 3.54% 2.32% 2.37% 2.39% 2.77% 3.66% 

          
 

 

 
Table D.34: Normalised Root Mean Square Error (NRMSE) for each one of the repeatability test for: (i) each one of 
each one of the three Ultrasonic Water Level (UWL) sensors used to measure the free surface inside the OWC; (ii) the 
mean of the three UWL sensors; (iii) the instantaneous pneumatic pressure (Δp); (iv) the pneumatic power output (P); 
and (v) the air flow rate at the orifice (q) (data corresponds to Series CR and the small orifice diameters: 30 mm; note 
also that data have been structured into groups of 5 tests where the first one constitutes the reference value). 

Test 
number 

UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

        3001 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3002 5.62% 8.12% 4.20% 4.41% 1.82% 2.93% 4.65% 
3003 5.89% 5.83% 4.16% 3.53% 1.16% 2.53% 4.23% 
3004 5.95% 7.37% 4.57% 4.63% 2.27% 2.93% 5.10% 
3005 5.26% 5.77% 4.74% 3.97% 2.00% 2.82% 4.55% 
3006 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3007 4.21% 5.58% 3.38% 3.01% 0.98% 1.30% 3.07% 
3008 4.83% 5.51% 4.60% 3.81% 1.20% 1.38% 3.69% 
3009 5.30% 5.45% 3.77% 3.68% 1.75% 1.74% 3.93% 
3010 4.56% 5.46% 4.37% 3.35% 1.38% 1.48% 3.55% 
3011 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3012 5.84% 12.00% 6.45% 5.64% 2.30% 4.38% 9.95% 
3013 3.88% 3.90% 3.59% 2.49% 1.14% 2.94% 3.80% 
3014 3.72% 3.80% 3.19% 2.24% 0.72% 2.63% 3.48% 
3015 4.59% 4.54% 5.25% 3.89% 1.90% 3.13% 4.61% 
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Table D.35: Correlation coefficients (R2) for each one of the repeatability test for the nine wave gauge sensors (WG_01-
WG_09) positioned along the wave flume and near to the OWC model (data corresponds to Series DR and the small 
orifice diameters: 30 mm; note also that data have been structured into groups of 5 tests where the first one constitutes 
the reference value). 

Test 
number 

WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

          3001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3002 0.996 0.996 0.997 0.995 0.998 0.998 0.998 0.997 0.997 
3003 0.996 0.997 0.998 0.997 0.999 0.998 0.999 0.998 0.997 
3004 0.996 0.997 0.998 0.996 0.999 0.998 0.999 0.998 0.997 
3005 0.993 0.995 0.997 0.996 0.998 0.997 0.998 0.997 0.996 
3006 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3007 0.995 0.996 0.994 0.994 0.997 0.996 0.997 0.995 0.997 
3008 0.997 0.996 0.995 0.995 0.998 0.997 0.998 0.996 0.997 
3009 0.993 0.993 0.992 0.992 0.996 0.995 0.996 0.994 0.996 
3010 0.996 0.997 0.996 0.995 0.998 0.997 0.998 0.997 0.997 

          
 

 

 
Table D.36: Correlation coefficients (R2) for each one of the repeatability test for: (i) each one of each one of the three 
Ultrasonic Water Level (UWL) sensors used to measure the free surface inside the OWC; (ii) the mean of the three 
UWL sensors; (iii) the instantaneous pneumatic pressure (Δp); (iv) the pneumatic power output (P); and (v) the air flow 
rate at the orifice (q) (data corresponds to Series DR and the small orifice diameters: 30 mm; note also that data have 
been structured into groups of 5 tests where the first one constitutes the reference value). 

Test 
number UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

        3001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3002 0.994 0.997 0.996 0.998 0.999 0.985 0.995 
3003 0.995 0.998 0.997 0.999 1.000 0.987 0.996 
3004 0.995 0.998 0.997 0.999 1.000 0.989 0.996 
3005 0.994 0.997 0.996 0.998 0.999 0.985 0.995 
3006 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3007 0.992 0.996 0.994 0.998 0.999 0.976 0.993 
3008 0.992 0.996 0.995 0.999 1.000 0.977 0.994 
3009 0.993 0.995 0.993 0.997 0.998 0.977 0.992 
3010 0.992 0.996 0.994 0.998 0.999 0.978 0.993 
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Table D.37: Normalised Root Mean Square Error (NRMSE) for each one of the repeatability test for the nine wave 
gauge sensors (WG_01-WG_09) positioned along the wave flume and near to the OWC model (data corresponds to 
Series DR and the small orifice diameters: 30 mm; note also that data have been structured into groups of 5 tests where 
the first one constitutes the reference value). 

Test 
number 

WG01 WG02 WG03 WG04 WG05 WG06 WG07 WG08 WG09 

          3001 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3002 2.59% 2.03% 1.60% 1.63% 1.25% 1.23% 1.22% 1.43% 2.11% 
3003 2.58% 2.95% 1.28% 1.24% 0.85% 0.99% 0.89% 1.00% 1.89% 
3004 2.14% 1.86% 1.79% 1.49% 0.85% 0.97% 0.85% 1.36% 1.85% 
3005 2.74% 2.00% 1.60% 1.52% 1.14% 1.28% 1.22% 1.62% 2.14% 
3006 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3007 1.69% 1.66% 1.94% 2.03% 1.37% 1.58% 1.55% 1.56% 2.18% 
3008 1.78% 1.56% 1.97% 1.90% 1.27% 1.40% 1.28% 1.44% 2.13% 
3009 2.18% 2.16% 2.25% 2.40% 1.76% 1.84% 1.73% 1.67% 2.42% 
3010 1.67% 1.45% 1.57% 1.86% 1.35% 1.39% 1.26% 1.25% 2.32% 

          
 

 

 
Table D.38: Normalised Root Mean Square Error (NRMSE) for each one of the repeatability test for: (i) each one of 
each one of the three Ultrasonic Water Level (UWL) sensors used to measure the free surface inside the OWC; (ii) the 
mean of the three UWL sensors; (iii) the instantaneous pneumatic pressure (Δp); (iv) the pneumatic power output (P); 
and (v) the air flow rate at the orifice (q) (data corresponds to Series DR and the small orifice diameters: 30 mm; note 
also that data have been structured into groups of 5 tests where the first one constitutes the reference value). 

Test 
number UWL01 UWL02 UWL03 UWLm ∆𝒑 P q 

        3001 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3002 2.97% 1.99% 2.92% 1.56% 0.87% 1.41% 2.53% 
3003 2.68% 1.81% 2.22% 1.24% 0.55% 1.30% 2.30% 
3004 2.59% 1.75% 2.36% 1.34% 0.46% 1.23% 2.25% 
3005 2.73% 2.16% 2.24% 1.57% 0.96% 1.41% 2.57% 
3006 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
3007 3.20% 2.25% 2.96% 1.60% 0.76% 2.07% 3.30% 
3008 3.15% 2.24% 2.81% 1.46% 0.57% 2.01% 3.18% 
3009 3.12% 2.86% 3.11% 2.05% 1.22% 2.03% 3.57% 
3010 3.18% 2.50% 3.11% 1.78% 0.70% 2.00% 3.39% 
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Appendix E. Numerical modelling concepts 

E.1. Governing equations 

A complete description of the governing equations and the fundamental fluid 

mechanics of the process involved in numerical modelling for fluid mechanics are out of 

the scope of this thesis. These descriptions can be found in general texts books, such as 

the one written by (Versteeg and Malalasekera, 1995) and the best practice report 

published by the MERiFIC project (Vyzikas, 2014). However, a brief introduction to the 

basic concepts is presented next: 

According to Versteeg and Malalasekera (1995), 

The governing equations of fluid flow represent mathematical 
statements of the conservation laws of physics. 

 The mass of a fluid is conserved. 
 The rate of change of momentum equals the sum of the forces 

on a fluid particle (Newton’s second law). 
 The rate of change of energy is equal to the sum of the rate of 

heat addition to and to rate of work done on a fluid particle 
(first law of thermodynamics). 

It must be noted that the fluid is considered as a continuum, which has macroscopic 

properties that are not affected by the molecular dynamics, such as: velocity, pressure, 

density and temperature; together with their respective space and time derivatives – this 

is applicable to fluid flows at macroscopic length scales (i.e., 1 μm and larger). Therefore, 

the properties of a fluid can be assumed as averages over a sufficiently large number of 

molecules, and it is at this point that the term ‘fluid element’ or ‘fluid particle’ is used, 

being defined as the smallest possible element of fluid whose macroscopic properties are 

not influenced by individual molecules. A fluid element is schematically represented in 

Figure E.1. 

Furthermore, all fluid properties are functions of space and time, which means that 

the density, pressure, temperature and the velocity vector should strictly be written as: 

𝜌(𝑥, 𝑦, 𝑧, 𝑡), 𝑝(𝑥, 𝑦, 𝑧, 𝑡), 𝑇(𝑥, 𝑦, 𝑧, 𝑡) and 𝑢(𝑥, 𝑦, 𝑧, 𝑡). However, for this thesis this notation 

has been simplified and the arguments will not be explicitly stated. 
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Figure has been removed due to Copyright restrictions. 

 

 

 

Figure E.1: Fluid element definition for the conservation laws. Source: (Versteeg and Malalasekera, 1995). 

In order to describe the behaviour of the fluid the three fundamental governing 

equations are presented in differential form. First, the mass conservation equation which 

equals the rate of increase of mass in a fluid element with the net rate of flow mass into 

the fluid element. The change of mass over time can be described as the product of the 

density ρ and the volume of the fluid element over time, given by, 

𝛿

𝛿𝑡
𝜌(𝜕𝑥𝜕𝑦𝜕𝑧)  (E.1 

 

 

 

Figure has been removed due to Copyright restrictions. 

 

 

 

 

Figure E.2: Mass flows in and out of a fluid element. Source: (Westphalen, 2011). 

The net rate of flow is given by the mass flow across the element faces and it can be 

described as the product of the density, the face area and the flow velocity normal to the 

appropriate element face (Figure E.2). The sum of each of the mass flow equations across 
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each of the faces of the fluid element together with Equation (E.1) and the assumption of 

incompressible flow17 leads to the continuity equation for an incompressible flow, 

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= 0  (E.2 

The second governing equation considered is the momentum equation, which is the 

direct application of Newton’s second law to the fluid particle. This states that the rate of 

change of momentum of a fluid particle is equal to the sum of the forces acting on it. 

Forces which can be divided into surface and body forces, in which the pressure, viscous 

and gravity forces are known as the surface forces; and the centrifugal, Coriolis and 

electromagnetic forces as body forces. For a fluid mechanics problem, the surface forces 

over the fluid particle and the body forces are included in the source term. According to 

the conservation of mass equation for a fluid element, any arbitrary fluid property (𝜙) is 

function of the position (x, y, z) of the particle and time, so the rate of increase of fluid 

momentum per unit of volume of a fluid particle in x, y and z is defined by 

𝜌
𝐷𝜙

𝐷𝑡
= 𝜌

𝜕𝜙

𝜕𝑡
+ 𝜌

𝜕𝜙

𝜕𝑥
𝑢 + 𝜌

𝜕𝜙

𝜕𝑦
𝑣 + 𝜌

𝜕𝜙

𝜕𝑧
𝑤  (E.3) 

The momentum equation can be derived for every coordinate direction separately by 

considering all the forces acting on the faces of the fluid element and decomposing them 

in the respective normal or pressure forces (p) and tangential or stress forces (𝜏𝑖𝑗) where 

i and j denote that the stress component acts in the j-direction in a surface normal to the 

i-direction. Thus, the three respective x, y and z components of the momentum equation 

can be noted as 

𝜌
𝐷𝑢

𝐷𝑡
=

𝜕(−𝑝 + 𝜏𝑥𝑥)

𝜕𝑥
+

𝜕𝜏𝑦𝑥

𝜕𝑦
+

𝜕𝜏𝑧𝑥

𝜕𝑧
+ 𝑆𝑀𝑥

  (E.4) 

𝜌
𝐷𝑣

𝐷𝑡
=

𝜕𝜏𝑥𝑦

𝜕𝑥
+

𝜕(−𝑝 + 𝜏𝑦𝑦)

𝜕𝑦
+

𝜕𝜏𝑧𝑦

𝜕𝑧
+ 𝑆𝑀𝑦

  (E.5) 

𝜌
𝐷𝑤

𝐷𝑡
=

𝜕𝜏𝑥𝑧

𝜕𝑥
+

𝜕𝜏𝑦𝑧

𝜕𝑦
+

𝜕(−𝑝 + 𝜏𝑧𝑧)

𝜕𝑧
+ 𝑆𝑀𝑧

  (E.6) 

                                                        
17 The assumption of incompressible flow is valid for the most common applications involving water as the 
fluid. Conversely, for applications involving air as main fluid this is considered true for Mac numbers 
smaller than 0.3. 
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The final governing equation, the energy equation, is the direct application of the first 

law of the thermodynamics, which states that the rate of change of energy of a fluid 

particle is equal to the rate of heat addition to the fluid particle plus the rate of work done 

on the particle. The energy of a fluid is defined as the sum of internal (thermal) energy i, 

kinetic energy 1
2
(𝑢2 + 𝑣2 + 𝑤2) and gravitational potential energy. To define the energy 

equation the effects of potential energy changes are included as a source term, is the 

energy equation: 

𝜌
𝐷𝐸

𝐷𝑡
= −𝑑𝑖𝑣(𝑝u) + [

𝜕(𝑢𝜏𝑥𝑥)

𝜕𝑥
+

𝜕(𝑢𝜏𝑦𝑥)

𝜕𝑦
+

𝜕(𝑢𝜏𝑧𝑥)

𝜕𝑧
+

𝜕(𝑣𝜏𝑥𝑦)

𝜕𝑥
+

𝜕(𝑣𝜏𝑦𝑦)

𝜕𝑦

+
𝜕(𝑣𝜏𝑧𝑦)

𝜕𝑧
+

𝜕(𝑤𝜏𝑥𝑧)

𝜕𝑥
+

𝜕(𝑤𝜏𝑥𝑧)

𝜕𝑥
+

𝜕(𝑤𝜏𝑥𝑧)

𝜕𝑥
] + 𝑑𝑖𝑣(𝑘∇𝑇 ) + 𝑆𝐸

 (E.7) 

In Equation E.7 𝐸 = 𝑖 +
1

2
(𝑢2 + 𝑣2 + 𝑤2), however, is common practice to extract the 

changes of the kinetic energy to obtain an equation for the internal energy (i) or 

temperature (T). Furthermore, for incompressible flows this equation is also rearranged 

to present an equation for the specific total enthalpy, which is defined as 

ℎ0 = 𝑖 +
𝑝

𝜌
+

1

2
(𝑢2 + 𝑣2 + 𝑤2) = 𝐸 +

𝑝

𝜌
 (E.8) 

In order to link the energy equation with the other four and solve all the unknown 

fluid properties - i.e., density (ρ), pressure (p), internal energy (i) and temperature (T) - it 

is necessary to make the assumption of thermodynamic equilibrium. This assumption 

allows to describe the state of a substance in thermodynamic equilibrium by means of 

just two state variables using the Equations of state to relate the two fundamental 

variables or state variables – usually ρ and T - with the other two. 

The six governing equations define the movement of a fluid; however, the viscous 

stress components are usually unknown. The Navier-Stokes equations which solve the 

fluid motion for a Newtonian fluid and can be written in the most useful form for the 

development of numerical methods, as follows 

𝜌
𝐷𝑢

𝐷𝑡
= −

𝜕𝑝

𝜕𝑥
+ 𝑑𝑖𝑣(𝜇∇𝑢) + 𝑆𝑀𝑥

  (E.9) 
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𝜌
𝐷𝑣

𝐷𝑡
= −

𝜕𝑝

𝜕𝑦
+ 𝑑𝑖𝑣(𝜇∇𝑣) + 𝑆𝑀𝑦

  (E.10) 

𝜌
𝐷𝑤

𝐷𝑡
= −

𝜕𝑝

𝜕𝑧
+ 𝑑𝑖𝑣(𝜇∇𝑤) + 𝑆𝑀𝑧

  (E.11) 

Finally, the internal energy equation can be written as 

𝜌
𝐷𝑖

𝐷𝑡
= −𝑝 𝑑𝑖𝑣 𝑢 + 𝑑𝑖𝑣(𝑘∇𝑇) + 𝛷 + 𝑆𝑖 (E.12) 

where 𝛷 represents a dissipation function, which describes all the effects due to viscous 

stresses in this internal equation, and is given by the following equation 

𝛷 = 𝜇 {2 [(
𝜕𝑢

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑦
)
2

+ (
𝜕𝑤

𝜕𝑧
)
2

] + (
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
)
2

+ (
𝜕𝑢

𝜕𝑧
+

𝜕𝑤

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑧
+

𝜕𝑤

𝜕𝑤
)
2

} + 𝜆(𝑑𝑖𝑣 𝑢)2 
(E.13) 

E.2. Numerical modelling 

The numerical modelling uses mathematical models of the governing equations to 

simulate a physical system which after being validated and verified allows possible 

responses of the physical problem to be predicted. In fluid dynamics, the numerical 

modelling of a physical system is carried out by CFD (Computational Fluid Dynamic). 

Every CFD method needs as an initial step the definition of the physical problem and its 

boundary conditions. This requires the understanding of the problem and of the 

assumptions and simplifications considered, and it is usually carried out at a pre-

processing stage. 

Once the problem has been properly defined together with its boundary conditions 

this must be properly discretized as a first step to solve the mathematical models of the 

governing equations. In this thesis, a RANS-based CFD model (Star-CCM+) was utilized, 

in which the governing equations were discretized using a finite volume method. These 

two points are described in more detail next. 
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Problem discretization 

To apply the mathematical models that allow the resolution of the governing 

equations, a necessary dissertation of the reality is needed. CFD equations may be 

discretized following different methods, which can be listed as: 

 Finite Difference Method (FDM). 

 Finite Element Method (FEM) 

 Finite Volume Method (FVM) 

 Spectral Method (SM) 

 Boundary Element Method (BEM) 

The definition of the different discretization methods is out of the scope of this thesis 

and only the finite volume method is described in more detail as this is the one used for 

this work, however further details and information about the other methods can be found 

in text books, such as (Ferziger and Peric, 2002).  

The Finite Volume Method (FVM) is a computational method for solving Partial 

Differential Equations (PDEs) by transforming the governing equations into algebraic 

equations around a control volume or finite volume. At the centre of each finite volume 

there is a computational node, where the variables are calculated. Interpolation 

techniques are used to determine the values of the variables at the surfaces of the finite 

volume by considering the adjacent finite volumes as well.  

The FVM is a very popular discretization model among the engineering community 

as all their approximate terms have a physical meaning and are easy to understand and 

program (Ferziger and Peric, 2002). Other major advantages of the FVM are: (i) it is able 

to be adapted to any type of grid, making it applicable for higher complexity domains; 

and (ii) it is conservative by definition, since the finite volumes sharing a boundary have 

the same surface integrals describing the convective and diffusive fluxes. The greatest 

drawback of the FVM is its difficulty to develop high order schemes in three dimensions, 

in comparison with the FDM and FEM. The reason for this is that FVMs require three 

levels of approximation, namely: interpolation, differentiation and integration. 
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Solution methods 

The basic equations that describe any fluid flow are the governing equations, 

however, solving the full Navier-Stokes equations for a highly turbulent flow model 

requires very high resolution calculations – i.e., a very fine mesh and a very small time 

step - which needs a high computational cost. Therefore, most of the models have 

incorporated simplified forms of the Navier-Stokes equations by considering several 

assumptions. The solution methods can be classified according to how the time is 

modelled or depending on the model followed to simplifying the Navier-Stokes 

equations. Methods can be classified into two groups: (i) the steady state methods, which 

study mean conditions where the evolution in time is not a variable; and (ii) the unsteady 

methods, where the problem evolves in time.  

According to the type of model followed to approximate the Navier-Stokes equations, 

solution methods can be classified as:  

 Potential flow 

 Hydrostatic pressure models 

 Shallow water equations 

 Boussinesq equation 

 Mild-slope equation 

 RANS equation for incompressible flow 

 Large Eddy Simulations (LES) 

 Direct Numerical Simulation (DNS) 

As with the discretization methods, the description of the previous models is out of 

the scope of this thesis, and further details are given by (Ferziger and Peric, 2002, 

Versteeg and Malalasekera, 1995). 

The Reynolds-Averaged Navier-Stokes (RANS) is the most popular method of solving 

the Navier-Stokes equations in CFD applications in industry and research, due to its 

efficiency and low computational cost. RANS model is based on the time averaging of the 

continuity Equation (E.2) and the Navier-Stokes Equations (E.9), (E.10) and (E.11). The 
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problem that rises from the derivation of the RANS from the time-dependent Navier-

Stokes equations is the implementation of the Reynolds stresses in terms of time-

averaged variables. The solution of the models is possible thanks to the existence of 

mathematical turbulence models which allow the correlation between the unknown 

quantities. The most extended turbulence models can be named as: 

 The k - ε model 

 The ω - ε model 

 The Reynolds Stress model 

 Spalart-Almaras model 

In this work, the k - ε model has been considered as a turbulence model. This model 

together with the ω - ε model are based in the resolution of two separate transport 

equations and among the most extended turbulence models in CFD due to their 

simplicity. Further details about this method can be found in (Launder and Spalding, 

1974). 
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Appendix F. Additional data to the numerical modelling 

This appendix presents the additional figures and data to the numerical modelling 

chapter. 

F.1. Materials and methods 

Table F.1: Parameters defining the different sub-mesh regions for each one of the three meshes used (GA, GB, GC 
and GD), where θ (x, y, z) is the volume of the computational domain in the three dimensions. 

Region name 
Type of 
element 

Ox [m] Oy [m] Oz [m] 

     Grid A (GA) 

General Cuboid ∀Θ(𝑥, 𝑦, 𝑧) 

Free surface Cuboid ∀x ∀y 
∀z > -0.12 
∀z < 0.12 

Orifice Cylinder (𝑥 − 18.271)2 + 𝑦2 = 0.0352 
∀z > 0.15 
∀z < 0.2 

Grid B (GB) 

General Cuboid ∀Θ(𝑥, 𝑦, 𝑧) 

Free surface Cuboid ∀x ∀y 
∀z > -0.12 
∀z < 0.12 

Turbine Cylinder (𝑥 − 18.271)2 + 𝑦2 = 0.072 
∀z > 0.10 
∀z < 0.25 

Orifice Cylinder (𝑥 − 18.271)2 + 𝑦2 = 0.0352 
∀z > 0.17 
∀z < 0.18 

Grid C (GC) 

Air body Cuboid ∀x ∀y ∀z > 0.079 

Water body Cuboid ∀x ∀y ∀z < −0.079 

Free surface Cuboid ∀x ∀y 
∀z > -0.08 
∀z < 0.08 

Model Cuboid 
∀x > 17.75 
∀x < 18.50 

∀y > -0.02 
∀y < 0.35 

∀z > -0.56 
∀z < 0.40 

Turbine Cylinder (𝑥 − 18.271)2 + 𝑦2 = 0.072 
∀z > -0.10 
∀z < 0.25 

Orifice Cylinder (𝑥 − 18.271)2 + 𝑦2 = 0.0352 
∀z > 0.17 
∀z < 0.18 

Grid D (GD) 

Air body Cuboid ∀x ∀y ∀z > 0.079 

Water body Cuboid ∀x ∀y ∀z < −0.079 

Free surface Cuboid ∀x ∀y 
∀z > -0.08 
∀z < 0.08 

Orifice Cylinder (𝑥 − 18.271)2 + 𝑦2 = 0.0352 
∀z > 0.17 
∀z < 0.18 
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Table F.2: Accumulated averaged area values needed for the interpolation of the Numerical Wave Gauges (NGW) 
data. 

NWG01 NWG02 NWG03 NWG04 NWG06 NWG07 NWG08 NWG09 NWG11 

         Grid A 
0 0 0 0 0 0 0 0 0 

0.3686 0.3687 0.3687 0.3687 0.3693 0.3685 0.3824 0.3687 0.3535 
0.4013 0.4013 0.4013 0.4013 0.4007 0.4013 0.4107 0.4013 0.3847 
0.4671 0.4670 0.4670 0.4670 0.4583 0.4670 0.4518 0.4670 0.4478 
0.4997 0.4996 0.4996 0.4996 0.4897 0.4999 0.4811 0.4996 0.4790 

1 1 1 1 1 1 1 1 1 
Grid B 

0 0 0 0 0 0 0 0 0 
0.3686 0.3687 0.3687 0.3687 0.3693 0.3685 0.3824 0.3687 0.4128 
0.4013 0.4013 0.4013 0.4013 0.4007 0.4013 0.4107 0.4013 0.4493 
0.4671 0.4670 0.4670 0.4670 0.4583 0.4670 0.4518 0.4670 0.5683 
0.4997 0.4996 0.4996 0.4996 0.4897 0.4999 0.4811 0.4996 0.5859 

1 1 1 1 1 1 1 1 1 
Grid C 

0 0 0 0 0 0 0 0 0 
0.3750 0.3750 0.3750 0.3750 0.3436 0.5068 0.5068 0.3750 0.5062 
0.5208 0.5208 0.5208 0.5208 0.3872 0.5135 0.5135 0.5208 0.5130 
0.5417 0.5417 0.5417 0.5417 0.4747 0.5676 0.5675 0.5417 0.5671 
0.5833 0.5833 0.5833 0.5833 0.6498 0.7838 0.7838 0.583 0.7835 

1 1 1 1 1 1 1 1 1 
Grid D 

0 0 0 0 0 0 0 0 0 
0.0052 0.0052 0.0052 0.0052 0.0041 0.0062 0.0063 0.0052 0.0035 
0.3437 0.3437 0.3437 0.3437 0.2311 0.3458 0.3544 0.3437 0.2338 
0.5521 0.5521 0.5521 0.5521 0.2504 0.3766 0.3813 0.5521 0.3791 
0.6042 0.6042 0.6042 0.6042 0.3225 0.4999 0.4826 0.6042 0.4041 
0.7083 0.7083 0.7083 0.7083 0.3617 0.5307 0.5191 0.7083 0.4148 
0.9167 0.9167 0.9167 0.9167 0.8625 0.9012 0.6456 0.9167 0.8157 

1 1 1 1 1 1 1 1 1 
Grid D for the extended domain 

0 0 0 0 0 0 0 0 0 
0.0027 0.0027 0.0026 0.0027 0.0223 0.0052 0.0056 0.0026 0.0029 
0.0159 0.0159 0.0158 0.0159 0.2448 0.3437 0.3162 0.0159 0.0173 
0.3334 0.3334 0.3333 0.3334 0.3939 0.5521 0.3591 0.3334 0.3624 
0.5450 0.5450 0.5450 0.5450 0.4310 0.6042 0.5250 0.5450 0.5349 
0.5979 0.5979 0.5979 0.5979 0.5778 0.7083 0.5709 0.5979 0.5831 
0.7037 0.7037 0.7037 0.7037 0.6690 0.8125 0.6838 0.7037 0.6204 
0.9153 0.9153 0.9153 0.9153 0.7963 0.9167 0.9097 0.9153 0.9080 

1 1 1 1 1 1 1 1 1 
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Table F.3: Water depth values for the accumulated averaged area ranges needed for the interpolation of the Numerical 
Wave Gauges (NGW) data. 

NWG01 NWG02 NWG03 NWG04 NWG06 NWG07 NWG08 NWG09 NWG11 

         Grid A 
-0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 
-0.1830 -0.1830 -0.1830 -0.1830 -0.1830 -0.1830 -0.1830 -0.1830 -0.1830 
-0.1200 -0.1200 -0.1200 -0.1200 -0.1200 -0.1200 -0.1200 -0.1200 -0.1200 
0.1300 0.1300 0.1300 0.1300 0.1300 0.1300 0.1300 0.1300 0.1300 
0.1920 0.1920 0.1920 0.1920 0.1920 0.1920 0.1920 0.1920 0.1920 
0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 

Grid B 
-0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 
-0.1830 -0.1830 -0.1830 -0.1830 -0.1830 -0.1830 -0.1830 -0.1830 -0.1830 
-0.1200 -0.1200 -0.1200 -0.1200 -0.1200 -0.1200 -0.1200 -0.1200 -0.1200 
0.1300 0.1300 0.1300 0.1300 0.1300 0.1300 0.1300 0.1300 0.2860 
0.1920 0.1920 0.1920 0.1920 0.1920 0.1920 0.1920 0.1920 0.3160 
0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 

Grid C 
-0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 
-0.0830 -0.0830 -0.0830 -0.0830 0.4050 0.4050 0.4050 -0.0830 0.4050 
0.0920 0.0920 0.0920 0.0920 0.4670 0.4170 0.4170 0.0920 0.4170 
0.1170 0.1170 0.1170 0.1170 0.5170 0.4670 0.4670 0.1170 0.4670 
0.1670 0.1670 0.1670 0.1670 0.5670 0.5670 0.5670 0.1670 0.5670 
0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 

Grid D 
-0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 
-0.5267 -0.5267 -0.5267 -0.5267 -0.5266 -0.5267 -0.5267 -0.5267 -0.5267 
-0.1205 -0.1205 -0.1205 -0.1205 -0.1517 -0.1830 -0.1830 -0.1205 -0.1205 
0.1295 0.1295 0.1295 0.1295 -0.1205 -0.1205 -0.1205 0.1295 0.1295 
0.1920 0.1920 0.1920 0.1920 0.1295 0.1295 0.1295 0.1920 0.1715 
0.3170 0.3170 0.3170 0.3170 0.1920 0.1920 0.1920 0.3170 0.1920 
0.5670 0.5670 0.5670 0.5670 0.5670 0.5670 0.3170 0.5670 0.5045 
0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 

Grid D for the extended domain 
-0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 -0.5330 
-0.5267 -0.5267 -0.5267 -0.5267 -0.4953 -0.5267 -0.5267 -0.5267 -0.5267 
-0.4955 -0.4955 -0.4955 -0.4955 -0.1205 -0.1205 -0.1830 -0.4955 -0.4955 
-0.1205 -0.1205 -0.1205 -0.1205 0.1295 0.1295 -0.1205 -0.1205 -0.1205 
0.1295 0.1295 0.1295 0.1295 0.1920 0.1920 0.1295 0.1295 0.0670 
0.1920 0.1920 0.1920 0.1920 0.4417 0.3170 0.1920 0.1920 0.1715 
0.3170 0.3170 0.3170 0.3170 0.5045 0.4420 0.3170 0.3170 0.2545 
0.5670 0.5670 0.5670 0.5670 0.5670 0.5670 0.5670 0.5670 0.5670 
0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 0.6670 
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Table F.4: Input parameters for the numerical simulations corresponding to Series A of the Physical modelling (i.e., 
incident wave height form the IRWA, correction term for the mass source, celerity and angular frequency) for the three 
orifice diameters (30 mm, 44 mm and 51 mm). 

Test 
number18 

T [s] Hth [m] 
Hiw [m] 

D c [m/s] ω [rad/s] Ø30 mm Ø44 mm Ø51 mm 

         x01 1.143 0.020 0.0247 0.0241 0.0246 3.0099 1.6790 5.5116 

x02 1.143 0.033 0.0413 0.0419 0.0414 3.0099 1.6790 5.5116 

x03 1.143 0.047 0.0599 0.0601 0.0594 3.0099 1.6790 5.5116 

x04 1.306 0.020 0.0265 0.0260 0.0248 2.8958 1.8119 4.7963 

x05 1.306 0.033 0.0429 0.0425 0.0408 2.8958 1.8119 4.7963 

x06 1.306 0.047 0.0594 0.0594 0.0567 2.8958 1.8119 4.7963 

x07 1.470 0.020 0.0244 0.0249 0.0250 2.7847 1.9088 4.2743 
x08 1.470 0.033 0.0412 0.0412 0.0412 2.7847 1.9088 4.2743 

x09 1.470 0.047 0.0588 0.0587 0.0585 2.7847 1.9088 4.2743 

x10 1.633 0.020 0.0238 0.0238 0.0238 2.6995 1.9794 3.8547 

x11 1.633 0.033 0.0401 0.0395 0.0401 2.6995 1.9794 3.8547 

x12 1.633 0.047 0.0580 0.0565 0.0581 2.6995 1.9794 3.8547 

x13 1.796 0.020 0.0259 0.0251 0.0255 2.5370 2.0322 3.4907 

x14 1.796 0.033 0.0440 0.0428 0.0430 2.5370 2.0322 3.4907 

x15 1.796 0.047 0.0639 0.0623 0.0621 2.5370 2.0322 3.4907 

x16 1.960 0.020 0.0227 0.0231 0.0227 2.4102 2.0729 3.2057 

x17 1.960 0.033 0.0373 0.0385 0.0375 2.4102 2.0729 3.2057 

x18 1.960 0.047 0.0532 0.0546 0.0535 2.4102 2.0729 3.2057 

x19 2.123 0.020 0.0246 0.0247 0.0247 2.2885 2.1045 2.9638 
x20 2.123 0.033 0.0413 0.0415 0.0413 2.2885 2.1045 2.9638 

x21 2.123 0.047 0.0595 0.0597 0.0596 2.2885 2.1045 2.9638 

x22 2.286 0.020 0.0218 0.0224 0.0221 2.1733 2.1295 2.7437 

x23 2.286 0.033 0.0361 0.0367 0.0364 2.1733 2.1295 2.7437 

x24 2.286 0.047 0.0361 0.0523 0.0518 2.1733 2.1295 2.7437 
         

 

  

                                                        
18 Note that the x characters at the different test numbers should be substituted by the respective orifice 
diameter size for each experiment set named as 30, 44 and 51. 
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Table F.5: Additional input parameters for the numerical simulations corresponding to Series B of the Physical 
modelling (i.e., incident wave height form the IRWA, correction term for the mass source, celerity and angular 
frequency) for the three orifice diameters (30 mm, 44 mm and 51 mm). 

Test 
number19 

T [s] Hth [m] 
Hiw [m] 

D c [m/s] ω 
[rad/s] Ø30 mm Ø44 mm Ø51 mm 

         x25 1.143 0.060 0.0774 0.0767 0.0770 3.0099 1.6790 5.5116 

x26 1.143 0.073 0.0957 0.0950 0.0950 3.0099 1.6790 5.5116 

x27 1.143 0.087 0.1173 0.1159 0.1170 3.0099 1.6790 5.5116 

x28 1.143 0.100 0.1360 0.1365 0.1360 3.0099 1.6790 5.5116 

x29 1.143 0.113 0.1507 0.1496 0.1360 3.0099 1.6790 5.5116 

x30 1.306 0.060 0.0758 0.0724 0.0730 2.8958 1.8119 4.7963 

x31 1.306 0.073 0.0914 0.0927 0.0890 2.8958 1.8119 4.7963 
x32 1.306 0.087 0.1061 0.1028 0.1030 2.8958 1.8119 4.7963 

x33 1.306 0.100 0.1206 0.1180 0.1190 2.8958 1.8119 4.7963 

x34 1.306 0.113 0.1365 0.1341 0.1320 2.8958 1.8119 4.7963 

x35 1.470 0.060 0.0720 0.0745 0.0930 2.7847 1.9088 4.2743 

x36 1.470 0.073 0.0875 0.0906 0.0930 2.7847 1.9088 4.2743 

x37 1.470 0.087 0.1039 0.1082 0.1110 2.7847 1.9088 4.2743 

x38 1.470 0.100 0.1188 0.1237 0.1260 2.7847 1.9088 4.2743 

x39 1.470 0.113 0.1345 0.1409 0.1430 2.7847 1.9088 4.2743 

x40 1.633 0.060 0.0729 0.0733 0.0740 2.6995 1.9794 3.8547 

x41 1.633 0.073 0.0887 0.0896 0.0900 2.6995 1.9794 3.8547 

x42 1.633 0.087 0.1062 0.1067 0.1060 2.6995 1.9794 3.8547 

x43 1.633 0.100 0.1236 0.1235 0.1210 2.6995 1.9794 3.8547 
x44 1.633 0.113 0.1402 0.1398 0.1400 2.6995 1.9794 3.8547 

x45 1.796 0.060 0.0815 0.0794 0.0810 2.5370 2.0322 3.4907 

x46 1.796 0.073 0.0998 0.0977 0.0990 2.5370 2.0322 3.4907 

x47 1.796 0.087 0.1196 0.1175 0.1180 2.5370 2.0322 3.4907 

x48 1.796 0.100 0.1373 0.1357 0.1360 2.5370 2.0322 3.4907 

x49 1.796 0.113 0.1545 0.1529 0.1540 2.5370 2.0322 3.4907 

x50 1.960 0.060 0.0541 0.0692 0.0680 2.4102 2.0729 3.2057 

x51 1.960 0.073 0.0835 0.0842 0.0830 2.4102 2.0729 3.2057 

x52 1.960 0.087 0.0974 0.1002 0.0990 2.4102 2.0729 3.2057 

x53 1.960 0.100 0.1142 0.1150 0.1130 2.4102 2.0729 3.2057 

x54 1.960 0.113 0.1283 0.1295 0.1270 2.4102 2.0729 3.2057 

x55 2.123 0.060 0.0755 0.0760 0.0780 2.2885 2.1045 2.9638 
x56 2.123 0.073 0.0923 0.0931 0.0950 2.2885 2.1045 2.9638 

x57 2.123 0.087 0.1103 0.1114 0.1140 2.2885 2.1045 2.9638 

x58 2.123 0.100 0.1260 0.1277 0.1300 2.2885 2.1045 2.9638 

x59 2.123 0.113 0.1422 0.1436 0.1460 2.2885 2.1045 2.9638 

x60 2.286 0.060 0.0657 0.0657 0.0660 2.1733 2.1295 2.7437 

x61 2.286 0.073 0.0795 0.0795 0.0790 2.1733 2.1295 2.7437 

x62 2.286 0.087 0.0942 0.0944 0.0930 2.1733 2.1295 2.7437 

x63 2.286 0.100 0.1073 0.1080 0.1070 2.1733 2.1295 2.7437 

x64 2.286 0.113 0.1203 0.1217 0.1200 2.1733 2.1295 2.7437 
         

 
 

                                                        
19 Note that the x characters at the different test numbers should be substituted by the respective orifice 
diameter size for each experiment set named as 30, 44 and 51. 
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Figure F.1: Front (left) and top (right) views of the numerical model’s computational domain. 
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Figure F.2: Front (left) and top (right) views of the numerical model’s computational domain with extended width. 
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F.2. Convergence tests 

 
Table F.6: Correlation coefficients (R2) for each one of the numerical model convergence test for the twelve measures 
compared between the numerical and the physical modelling tests for Grid A (data corresponds to Series A and the 
medium orifice diameter: 44 mm). 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT05 and ∆𝑡1 

4403 0.808 0.001 0.001 0.001 0.000 0.000 0.001 0.002 0.002 0.004 0.000 0.000 

4411 0.146 0.260 0.001 0.030 0.044 0.118 0.005 0.000 0.060 0.059 0.553 0.683 

4419 0.951 0.905 0.805 0.734 0.777 0.776 0.781 0.564 0.698 0.707 0.820 0.936 

Configuration with IT05 and ∆𝑡2 

4403 0.904 0.834 0.593 0.785 0.746 0.746 0.733 0.037 0.794 0.787 0.920 0.956 

4411 0.466 0.859 0.959 0.918 0.958 0.957 0.957 0.937 0.950 0.952 0.942 0.882 

4419 0.957 0.986 0.954 0.957 0.940 0.937 0.936 0.959 0.905 0.894 0.802 0.912 

Configuration with IT05 and ∆𝑡3 

4403 0.872 0.916 0.831 0.939 0.967 0.968 0.963 0.158 0.928 0.932 0.971 0.929 

4411 0.502 0.928 0.972 0.915 0.953 0.968 0.967 0.963 0.954 0.957 0.970 0.933 

4419 0.964 0.983 0.952 0.959 0.950 0.948 0.948 0.967 0.920 0.910 0.844 0.936 

Configuration with IT05 and ∆𝑡4 

4403 0.836 0.796 0.796 0.962 0.975 0.976 0.971 0.428 0.966 0.965 0.933 0.827 

4411 0.499 0.926 0.975 0.927 0.923 0.968 0.968 0.962 0.951 0.954 0.957 0.920 

4419 0.961 0.976 0.962 0.956 0.946 0.944 0.944 0.964 0.927 0.918 0.857 0.944 

Configuration with IT05 and ∆𝑡5 

4403 0.685 0.675 0.738 0.969 0.986 0.988 0.982 0.477 0.925 0.932 0.954 0.862 

4411 0.476 0.894 0.915 0.873 0.908 0.909 0.907 0.964 0.954 0.957 0.954 0.928 

4419 0.943 0.966 0.934 0.940 0.935 0.934 0.931 0.944 0.933 0.935 0.852 0.941 

Configuration with IT10 and ∆𝑡1 

4403 0.796 0.000 0.001 0.000 0.000 0.001 0.000 0.004 0.001 0.000 0.000 0.000 

4411 0.525 0.123 0.234 0.251 0.107 0.359 0.228 0.108 0.294 0.288 0.756 0.848 

4419 0.923 0.938 0.870 0.809 0.835 0.854 0.846 0.704 0.750 0.755 0.787 0.900 

Configuration with IT10 and ∆𝑡2 

4403 0.891 0.886 0.722 0.850 0.888 0.893 0.883 0.187 0.876 0.870 0.919 0.850 

4411 0.533 0.890 0.970 0.905 0.947 0.961 0.961 0.956 0.933 0.937 0.957 0.911 

4419 0.938 0.978 0.948 0.959 0.942 0.938 0.936 0.963 0.928 0.923 0.879 0.956 

Configuration with IT10 and ∆𝑡3 

4403 0.868 0.907 0.835 0.943 0.971 0.971 0.968 0.431 0.929 0.936 0.967 0.913 

4411 0.535 0.906 0.977 0.946 0.968 0.967 0.967 0.960 0.926 0.931 0.938 0.882 

4419 0.964 0.972 0.964 0.962 0.948 0.944 0.943 0.963 0.932 0.927 0.772 0.892 

Configuration with IT10 and ∆𝑡4 

4403 0.821 0.852 0.751 0.947 0.939 0.942 0.978 0.313 0.951 0.957 0.977 0.920 

4411 0.516 0.927 0.977 0.930 0.900 0.963 0.963 0.968 0.942 0.946 0.947 0.903 

4419 0.959 0.968 0.938 0.953 0.940 0.939 0.939 0.942 0.933 0.926 0.763 0.887 

Configuration with IT10 and ∆𝑡5 

4403 0.684 0.747 0.714 0.975 0.975 0.978 0.969 0.305 0.877 0.889 0.984 0.954 

4411 0.495 0.900 0.928 0.885 0.890 0.892 0.891 0.964 0.945 0.949 0.946 0.913 

4419 0.939 0.959 0.935 0.937 0.931 0.930 0.930 0.946 0.930 0.934 0.866 0.946 
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Table F.7: Correlation coefficients (R2) for each one of the numerical model convergence test for the twelve measures 
compared between the numerical and the physical modelling tests for Grid A (data corresponds to Series A and the 
medium orifice diameter: 44 mm). Continuation. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT15 and ∆𝑡1 

4403 0.878 0.000 0.000 0.001 0.000 0.000 0.000 0.004 0.001 0.004 0.001 0.005 

4411 0.544 0.685 0.574 0.198 0.172 0.471 0.025 0.240 0.413 0.421 0.770 0.826 

4419 0.954 0.957 0.875 0.862 0.576 0.854 0.822 0.832 0.828 0.815 0.558 0.712 

Configuration with IT15 and ∆𝑡2 

4403 0.897 0.870 0.777 0.885 0.919 0.920 0.913 0.189 0.865 0.869 0.818 0.703 

4411 0.563 0.916 0.951 0.937 0.965 0.964 0.965 0.942 0.956 0.958 0.971 0.949 

4419 0.940 0.989 0.957 0.960 0.952 0.948 0.947 0.948 0.911 0.900 0.814 0.919 

Configuration with IT15 and ∆𝑡3 

4403 0.867 0.916 0.839 0.948 0.972 0.973 0.969 0.488 0.915 0.924 0.958 0.884 

4411 0.535 0.906 0.977 0.946 0.968 0.967 0.967 0.960 0.926 0.931 0.938 0.882 

4419 0.963 0.968 0.965 0.962 0.949 0.946 0.945 0.966 0.934 0.929 0.783 0.899 

Configuration with IT15 and ∆𝑡4 

4403 0.812 0.856 0.736 0.941 0.929 0.980 0.978 0.330 0.944 0.950 0.971 0.908 

4411 0.516 0.927 0.940 0.929 0.897 0.962 0.962 0.969 0.942 0.946 0.946 0.901 

4419 0.958 0.966 0.939 0.951 0.939 0.937 0.938 0.945 0.933 0.927 0.765 0.889 

Configuration with IT15 and ∆𝑡5 

4403 0.688 0.729 0.752 0.973 0.976 0.979 0.970 0.282 0.886 0.897 0.980 0.958 

4411 0.493 0.897 0.926 0.878 0.891 0.893 0.891 0.964 0.946 0.950 0.946 0.913 

4419 0.941 0.960 0.936 0.938 0.932 0.930 0.930 0.948 0.930 0.934 0.869 0.948 
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Table F.8: Normalized Root Mean Square Error (NRMSE) for each one of the numerical model convergence test for 
the twelve measures compared between the numerical and the physical modelling tests for Grid A (data corresponds to 
Series A and the medium orifice diameter: 44 mm; note that results are expressed in %). 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT05 and ∆𝑡1 

4403 12.91 28.83 27.08 29.90 29.51 31.49 30.12 32.30 25.10 24.33 28.17 25.47 
4411 24.97 17.41 8.02 21.13 12.41 13.84 12.93 14.24 10.72 10.09 14.80 15.52 
4419 27.62 7.45 12.88 7.94 9.08 8.52 9.46 9.75 11.06 12.09 14.38 9.47 

Configuration with IT05 and ∆𝑡2 

4403 12.91 28.83 27.08 29.90 29.51 31.49 30.12 32.30 25.10 24.33 28.17 25.47 
4411 24.97 17.41 8.02 21.13 12.41 13.84 12.93 14.24 10.72 10.09 14.80 15.52 
4419 27.62 7.45 12.88 7.94 9.08 8.52 9.46 9.75 11.06 12.09 14.38 9.47 

Configuration with IT05 and ∆𝑡3 

4403 11.97 22.08 22.83 22.40 20.62 22.55 21.37 30.24 14.10 12.85 20.23 16.58 
4411 26.42 10.38 11.56 17.07 7.51 6.45 6.44 6.78 6.98 6.95 5.60 9.92 
4419 24.37 12.53 10.17 7.36 11.46 9.76 11.96 16.25 14.96 15.76 21.25 10.92 

Configuration with IT05 and ∆𝑡4 

4403 14.27 17.98 20.61 14.00 10.91 12.60 11.57 24.98 7.02 6.42 11.82 15.35 
4411 29.33 10.25 19.10 13.71 13.60 9.44 11.71 9.49 9.41 9.90 9.50 10.88 
4419 24.10 16.87 8.26 8.48 15.23 13.08 15.80 20.60 19.49 20.04 31.75 14.82 

Configuration with IT05 and ∆𝑡5 

4403 20.99 18.77 19.25 7.36 5.13 5.04 5.67 24.93 10.77 10.83 6.51 13.62 
4411 32.74 14.37 28.05 13.38 19.68 17.81 21.16 14.92 12.06 12.73 16.17 12.14 
4419 24.01 19.26 9.58 10.03 17.82 15.52 18.65 22.99 21.75 21.74 39.89 18.26 

Configuration with IT10 and ∆𝑡1 

4403 25.48 32.81 30.46 33.25 32.77 34.72 33.16 32.88 33.50 33.19 30.01 33.18 
4411 24.12 32.88 31.51 33.60 32.34 32.19 36.19 34.65 30.44 30.13 29.02 32.45 
4419 18.14 20.31 26.26 25.66 25.79 24.85 23.96 24.75 23.75 24.07 25.17 22.75 

Configuration with IT10 and ∆𝑡2 

4403 12.36 26.59 25.57 27.88 27.06 29.00 27.72 30.33 21.25 20.34 26.25 23.28 
4411 24.15 14.03 7.10 19.67 9.58 10.17 9.18 10.48 9.23 8.71 10.92 12.82 
4419 24.31 9.13 12.31 7.37 9.49 8.71 10.06 11.37 10.74 11.56 13.02 7.16 

Configuration with IT10 and ∆𝑡3 

4403 12.20 19.85 21.91 19.80 17.52 19.42 18.27 25.78 11.92 10.63 17.37 15.04 
4411 26.46 10.96 13.55 15.48 7.23 6.68 7.53 6.95 9.31 9.40 7.56 12.58 
4419 23.75 14.53 9.09 7.35 12.85 11.08 13.51 17.79 16.10 16.64 26.90 14.41 

Configuration with IT10 and ∆𝑡4 

4403 14.83 15.80 20.72 12.94 10.72 12.12 9.51 27.65 7.76 7.05 8.94 11.30 
4411 29.61 10.70 20.42 12.99 15.91 10.99 13.53 10.30 10.68 11.16 11.43 12.22 
4419 23.61 17.67 9.63 8.79 15.99 13.78 16.53 21.65 19.77 20.22 35.68 17.76 

Configuration with IT10 and ∆𝑡5 

4403 20.31 16.62 19.66 6.91 6.19 6.08 6.80 29.82 13.34 13.23 3.91 8.17 
4411 32.24 14.15 27.61 12.94 20.40 18.57 21.88 14.93 12.68 13.31 16.84 13.17 
4419 23.73 19.22 9.58 10.16 17.78 15.50 18.39 22.68 21.53 21.44 39.09 17.85 
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Table F.9: Normalized Root Mean Square Error (NRMSE) for each one of the numerical model convergence test for 
the twelve measures compared between the numerical and the physical modelling tests for Grid A (data corresponds to 
Series A and the medium orifice diameter: 44 mm; note that results are expressed in %). Continuation. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT15 and ∆𝑡1 

4403 25.00 32.82 30.40 33.25 32.77 34.71 33.14 32.84 33.31 32.89 30.01 33.15 
4411 23.70 30.93 29.93 33.90 34.91 31.97 35.10 30.95 29.96 29.69 28.99 32.27 
4419 17.78 19.02 26.04 24.65 26.14 24.12 43.98 23.95 22.93 22.89 25.57 23.88 

Configuration with IT15 and ∆𝑡2 

4403 12.02 26.00 25.03 27.12 26.23 28.20 26.93 30.22 20.54 19.50 25.91 24.14 
4411 23.64 12.45 8.96 18.68 7.83 9.10 8.07 10.20 7.48 7.04 9.40 10.61 
4419 23.33 8.62 11.79 7.18 8.98 8.05 9.52 12.84 12.23 13.23 15.64 9.51 

Configuration with IT15 and ∆𝑡3 

4403 12.23 19.24 21.75 19.15 16.80 18.69 17.54 24.80 12.01 10.71 16.81 15.46 
4411 26.46 10.96 13.55 15.48 7.23 6.68 7.53 6.95 9.31 9.40 7.56 12.58 
4419 23.47 14.81 8.93 7.36 12.83 11.03 13.49 17.97 16.26 16.76 27.02 14.22 

Configuration with IT15 and ∆𝑡4 

4403 15.26 15.52 20.75 12.86 10.88 10.25 9.19 27.32 8.28 7.59 8.87 11.80 
4411 29.84 10.84 22.70 12.80 16.40 11.40 14.02 10.59 10.89 11.39 11.89 12.39 
4419 23.25 17.55 9.59 8.90 15.90 13.71 16.42 21.49 19.64 20.06 35.52 17.62 

Configuration with IT15 and ∆𝑡5 

4403 20.20 17.18 19.26 7.14 6.03 6.00 6.67 30.53 12.85 12.78 4.32 7.77 
4411 32.38 14.36 27.61 13.17 20.39 18.57 21.87 14.84 12.61 13.24 16.68 13.15 
4419 23.74 19.28 9.55 10.11 17.79 15.51 18.38 22.62 21.62 21.54 39.01 17.82 
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Table F.10: Correlation coefficients (R2) for each one of the numerical model convergence test for the twelve measures 
compared between the numerical and the physical modelling tests for Grid B (data corresponds to Series A and the 
medium orifice diameter: 44 mm). 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT05 and ∆𝑡1 

4403 0.815 0.002 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.001 0.001 0.000 
4411 0.149 0.253 0.001 0.052 0.002 0.128 0.083 0.013 0.004 0.004 0.305 0.248 
4419 0.943 0.894 0.774 0.702 0.771 0.771 0.770 0.517 0.644 0.660 0.844 0.948 

Configuration with IT05 and ∆𝑡2 

4403 0.905 0.842 0.592 0.792 0.765 0.765 0.752 0.033 0.785 0.774 0.896 0.967 
4411 0.466 0.862 0.959 0.920 0.958 0.957 0.957 0.938 0.950 0.951 0.935 0.873 
4419 0.957 0.987 0.953 0.956 0.938 0.935 0.932 0.956 0.900 0.888 0.893 0.961 

Configuration with IT05 and ∆𝑡3 

4403 0.872 0.916 0.831 0.939 0.967 0.968 0.963 0.333 0.932 0.935 0.970 0.937 
4411 0.503 0.928 0.972 0.914 0.953 0.968 0.967 0.963 0.955 0.957 0.969 0.935 
4419 0.965 0.983 0.952 0.959 0.950 0.948 0.947 0.967 0.920 0.910 0.843 0.936 

Configuration with IT05 and ∆𝑡4 

4403 0.837 0.799 0.798 0.961 0.974 0.975 0.971 0.420 0.967 0.965 0.934 0.830 
4411 0.499 0.926 0.974 0.927 0.923 0.968 0.968 0.957 0.950 0.953 0.955 0.920 
4419 0.961 0.976 0.962 0.956 0.946 0.944 0.944 0.964 0.937 0.938 0.861 0.949 

Configuration with IT05 and ∆𝑡5 

4403 0.685 0.680 0.743 0.970 0.986 0.988 0.982 0.466 0.924 0.932 0.953 0.863 
4411 0.477 0.895 0.915 0.875 0.909 0.910 0.909 0.964 0.953 0.955 0.953 0.928 
4419 0.941 0.966 0.936 0.940 0.935 0.934 0.934 0.944 0.931 0.934 0.856 0.947 

Configuration with IT10 and ∆𝑡1 

4403 0.793 0.000 0.001 0.001 0.000 0.000 0.001 0.002 0.001 0.002 0.001 0.000 

4411 0.518 0.102 0.234 0.235 0.314 0.378 0.039 0.087 0.246 0.262 0.699 0.801 

4419 0.963 0.933 0.874 0.813 0.830 0.829 0.784 0.747 0.807 0.779 0.536 0.704 

Configuration with IT10 and ∆𝑡2 

4403 0.885 0.889 0.721 0.860 0.885 0.897 0.887 0.085 0.874 0.866 0.920 0.856 

4411 0.534 0.892 0.970 0.905 0.946 0.962 0.961 0.955 0.932 0.935 0.953 0.908 

4419 0.937 0.979 0.949 0.959 0.941 0.936 0.934 0.962 0.929 0.923 0.877 0.955 

Configuration with IT10 and ∆𝑡3 

4403 0.868 0.907 0.836 0.943 0.971 0.971 0.968 0.423 0.932 0.937 0.966 0.914 

4411 0.532 0.906 0.978 0.947 0.968 0.968 0.968 0.948 0.925 0.930 0.936 0.733 

4419 0.964 0.972 0.964 0.962 0.947 0.943 0.943 0.963 0.933 0.927 0.772 0.895 

Configuration with IT10 and ∆𝑡4 

4403 0.822 0.854 0.753 0.945 0.937 0.940 0.978 0.559 0.952 0.957 0.976 0.920 

4411 0.515 0.927 0.977 0.930 0.900 0.963 0.963 0.968 0.940 0.943 0.943 0.901 

4419 0.959 0.969 0.939 0.952 0.941 0.939 0.940 0.941 0.934 0.928 0.766 0.894 

Configuration with IT10 and ∆𝑡5 

4403 0.684 0.749 0.720 0.975 0.975 0.977 0.969 0.295 0.879 0.891 0.984 0.957 

4411 0.493 0.901 0.927 0.885 0.893 0.895 0.893 0.965 0.945 0.948 0.945 0.913 

4419 0.940 0.960 0.938 0.936 0.932 0.931 0.930 0.948 0.927 0.933 0.870 0.953 
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Table F.11: Correlation coefficients (R2) for each one of the numerical model convergence test for the twelve measures 
compared between the numerical and the physical modelling tests for Grid B (data corresponds to Series B and the 
medium orifice diameter: 44 mm). Continuation. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT15 and ∆𝑡1 

4403 0.880 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.003 0.005 

4411 0.554 0.708 0.578 0.246 0.114 0.478 0.054 0.243 0.162 0.159 0.786 0.854 

4419 0.918 0.962 0.896 0.881 0.465 0.851 0.775 0.862 0.819 0.805 0.528 0.693 

Configuration with IT15 and ∆𝑡2 

4403 0.897 0.874 0.778 0.884 0.918 0.919 0.912 0.190 0.865 0.869 0.813 0.693 

4411 0.555 0.914 0.956 0.935 0.966 0.966 0.966 0.945 0.958 0.959 0.971 0.955 

4419 0.940 0.989 0.957 0.959 0.951 0.947 0.946 0.966 0.938 0.935 0.810 0.917 

Configuration with IT15 and ∆𝑡3 

4403 0.867 0.917 0.839 0.948 0.971 0.972 0.969 0.479 0.917 0.925 0.957 0.884 

4411 0.538 0.910 0.977 0.948 0.965 0.964 0.964 0.964 0.919 0.924 0.969 0.958 

4419 0.963 0.969 0.965 0.962 0.949 0.946 0.945 0.965 0.935 0.931 0.786 0.904 

Configuration with IT15 and ∆𝑡4 

4403 0.813 0.858 0.739 0.940 0.928 0.980 0.977 0.320 0.805 0.824 0.971 0.909 

4411 0.516 0.927 0.978 0.931 0.898 0.963 0.962 0.968 0.940 0.944 0.943 0.901 

4419 0.959 0.967 0.940 0.951 0.939 0.938 0.938 0.945 0.934 0.929 0.771 0.897 

Configuration with IT15 and ∆𝑡5 

4403 0.686 0.729 0.752 0.974 0.976 0.979 0.970 0.271 0.972 0.970 0.980 0.962 

4411 0.492 0.896 0.925 0.880 0.892 0.894 0.892 0.964 0.944 0.947 0.944 0.911 

4419 0.954 0.960 0.938 0.937 0.932 0.931 0.931 0.898 0.927 0.932 0.873 0.955 
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Table F.12: Normalized Root Mean Square Error (NRMSE) for each one of the numerical model convergence test for 
the twelve measures compared between the numerical and the physical modelling tests for Grid B (data corresponds to 
Series A and the medium orifice diameter: 44 mm; note that results are expressed in %). 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT05 and ∆𝑡1 

4403 27.10 32.78 30.42 33.24 32.76 34.70 33.11 32.88 33.33 32.97 30.01 33.19 

4411 30.57 35.32 33.60 35.82 33.44 33.23 35.11 32.70 32.72 32.56 29.24 34.58 

4419 14.03 24.59 29.22 28.64 28.32 28.13 27.51 28.07 27.84 27.53 27.09 25.92 

Configuration with IT05 and ∆𝑡2 

4403 12.85 28.76 27.11 29.84 29.41 31.38 30.03 32.37 25.29 24.63 28.24 25.03 

4411 24.97 17.37 7.98 21.12 12.43 13.87 12.95 14.21 10.49 9.95 15.12 15.00 

4419 27.88 7.39 12.88 8.06 9.25 8.72 9.66 9.89 11.45 12.46 10.95 7.13 

Configuration with IT05 and ∆𝑡3 

4403 11.96 22.07 22.84 22.40 20.62 22.55 21.38 27.74 13.81 12.68 20.44 15.65 

4411 26.31 10.40 11.45 17.06 7.49 6.48 6.44 6.77 6.97 6.98 5.74 9.48 

4419 24.43 12.49 10.12 7.37 11.42 9.73 11.93 16.25 15.22 15.86 20.64 12.52 

Configuration with IT05 and ∆𝑡4 

4403 14.24 17.91 20.52 14.01 10.92 12.61 11.58 25.15 6.80 6.34 11.97 15.09 

4411 29.28 10.21 19.12 13.65 13.58 9.44 11.72 9.79 9.90 10.35 9.11 11.61 

4419 24.29 16.77 8.24 8.43 15.14 13.00 15.71 20.57 19.27 19.11 29.40 16.09 

Configuration with IT05 and ∆𝑡5 

4403 21.03 18.62 19.12 7.36 5.13 5.05 5.67 25.21 11.38 11.44 6.58 14.09 

4411 32.68 14.35 28.32 13.19 19.74 17.88 21.26 15.28 13.03 13.61 15.26 13.49 

4419 24.21 19.21 9.47 9.96 17.73 15.44 18.34 23.22 22.31 22.06 36.22 18.88 

Configuration with IT10 and ∆𝑡1 

4403 25.49 32.80 30.46 33.25 32.78 34.70 33.17 32.97 33.36 32.97 30.01 33.19 

4411 24.25 33.00 31.54 33.70 34.79 32.24 33.83 34.47 30.57 30.32 29.07 32.62 

4419 16.36 20.40 26.13 25.90 25.50 25.12 24.45 24.60 23.34 23.22 25.77 23.72 

Configuration with IT10 and ∆𝑡2 

4403 12.45 26.55 25.58 27.80 27.04 28.96 27.68 31.53 21.25 20.41 26.33 22.74 

4411 24.09 14.00 7.09 19.66 9.67 10.21 9.21 10.49 9.17 8.73 11.16 12.10 

4419 24.30 9.02 12.31 7.40 9.55 8.80 10.12 11.28 10.85 11.60 12.69 8.07 

Configuration with IT10 and ∆𝑡3 

4403 12.18 19.85 21.88 19.82 17.54 19.44 18.29 25.92 11.58 10.37 17.54 14.23 

4411 26.57 10.94 13.62 15.37 7.20 6.64 7.52 7.74 9.54 9.64 7.63 374.49 

4419 23.81 14.48 9.05 7.35 12.86 11.10 13.52 17.84 16.36 16.72 25.72 15.79 

Configuration with IT10 and ∆𝑡4 

4403 14.79 15.74 20.63 13.00 10.81 12.20 9.52 22.07 7.71 7.10 9.21 10.98 

4411 29.55 10.63 20.42 12.90 15.86 10.96 13.50 10.41 11.29 11.73 10.98 13.16 

4419 23.70 17.71 9.55 8.81 16.01 13.80 16.55 21.81 20.11 20.35 33.43 18.92 

Configuration with IT10 and ∆𝑡5 

4403 20.34 16.56 19.54 6.96 6.23 6.12 6.84 30.07 13.79 13.73 4.01 8.48 

4411 32.35 14.08 27.73 12.85 20.34 18.53 21.88 15.05 13.57 14.11 15.84 14.48 

4419 23.77 19.29 9.40 10.16 17.76 15.50 18.39 22.79 22.29 21.97 36.04 18.69 
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Table F.13: Normalized Root Mean Square Error (NRMSE) for each one of the numerical model convergence test for 
the twelve measures compared between the numerical and the physical modelling tests for Grid B (data corresponds to 
Series A and the medium orifice diameter: 44 mm; note that results are expressed in %). Continuation. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT15 and ∆𝑡1 

4403 24.99 32.76 30.44 33.24 32.79 34.71 33.15 32.91 33.47 33.08 30.01 33.22 

4411 23.50 30.84 29.74 33.69 34.69 31.87 33.70 30.87 34.20 34.11 29.00 32.10 

4419 18.78 18.79 25.99 24.43 43.36 24.07 23.65 23.45 23.06 23.14 25.98 24.07 

Configuration with IT15 and ∆𝑡2 

4403 12.01 25.97 25.01 27.13 26.23 28.21 26.94 30.21 20.39 19.38 25.97 23.82 

4411 23.87 12.60 8.63 18.70 7.78 9.09 8.04 10.08 7.24 6.88 9.61 9.29 

4419 23.34 8.63 11.82 7.28 9.05 8.14 9.60 11.72 10.75 11.29 15.42 10.44 

Configuration with IT15 and ∆𝑡3 

4403 12.23 19.24 21.72 19.17 16.83 18.72 17.57 24.94 11.71 10.48 16.97 14.80 

4411 26.71 10.71 14.38 14.96 7.93 7.16 8.30 6.85 10.13 10.29 5.50 7.88 

4419 23.50 14.77 8.92 7.36 12.81 11.02 13.47 18.03 16.45 16.77 25.44 15.43 

Configuration with IT15 and ∆𝑡4 

4403 15.22 15.50 20.68 12.93 10.95 10.30 9.24 27.52 15.18 14.45 9.12 11.52 

4411 29.93 10.85 21.06 12.59 16.41 11.44 14.09 10.79 11.57 12.03 11.50 13.36 

4419 23.50 17.67 9.51 8.91 16.01 13.81 16.54 21.62 20.07 20.29 33.23 18.77 

Configuration with IT15 and ∆𝑡5 

4403 20.16 17.21 19.27 7.19 6.03 6.06 6.67 30.84 8.13 8.94 4.41 8.01 

4411 21.49 30.70 26.69 13.47 18.18 16.51 23.63 21.33 12.79 13.45 15.35 14.35 

4419 25.88 19.19 9.74 18.61 18.50 16.52 22.69 21.27 22.74 22.88 33.50 17.74 
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Table F.14: Correlation coefficients (R2) for each one of the numerical model convergence test for the twelve measures 
compared between the numerical and the physical modelling tests for Grid C (data corresponds to Series A and the 
medium orifice diameter: 44 mm). 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT05 and ∆𝑡1 

4403 0.915 0.001 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 

4411 0.237 0.668 0.016 0.048 0.098 0.196 0.027 0.041 0.108 0.106 0.654 0.718 

4419 0.964 0.819 0.704 0.592 0.041 0.617 0.008 0.081 0.223 0.212 0.499 0.575 

Configuration with IT05 and ∆𝑡2 

4403 0.930 0.806 0.608 0.845 0.867 0.866 0.855 0.026 0.784 0.766 0.917 0.859 

4411 0.132 0.869 0.952 0.881 0.960 0.961 0.961 0.943 0.919 0.920 0.950 0.906 

4419 0.953 0.982 0.953 0.958 0.935 0.932 0.930 0.955 0.893 0.884 0.880 0.949 

Configuration with IT05 and ∆𝑡3 

4403 0.869 0.836 0.666 0.950 0.978 0.979 0.976 0.198 0.954 0.951 0.973 0.964 

4411 0.089 0.926 0.982 0.876 0.920 0.972 0.972 0.960 0.945 0.946 0.957 0.916 

4419 0.942 0.987 0.941 0.960 0.947 0.946 0.946 0.960 0.916 0.907 0.837 0.929 

Configuration with IT05 and ∆𝑡4 

4403 0.829 0.837 0.807 0.969 0.977 0.979 0.974 0.243 0.975 0.969 0.977 0.976 

4411 0.076 0.931 0.921 0.902 0.935 0.934 0.931 0.973 0.966 0.967 0.971 0.226 

4419 0.947 0.981 0.917 0.947 0.922 0.939 0.939 0.965 0.935 0.930 0.901 0.962 

Configuration with IT05 and ∆𝑡5 

4403 0.759 0.766 0.713 0.980 0.987 0.989 0.983 0.265 0.981 0.972 0.984 0.974 

4411 0.085 0.879 0.771 0.796 0.805 0.903 0.894 0.966 0.894 0.897 0.882 0.827 

4419 0.937 0.975 0.856 0.933 0.932 0.928 0.926 0.950 0.937 0.934 0.914 0.966 

Configuration with IT10 and ∆𝑡1 

4403 0.800 0.002 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.002 0.003 0.000 

4411 0.687 0.759 0.697 0.012 0.293 0.601 0.463 0.101 0.433 0.496 0.861 0.923 

4419 0.967 0.946 0.911 0.831 0.244 0.891 0.850 0.787 0.847 0.858 0.751 0.893 

Configuration with IT10 and ∆𝑡2 

4403 0.920 0.832 0.621 0.894 0.932 0.934 0.930 0.092 0.885 0.885 0.958 0.916 

4411 0.056 0.880 0.972 0.938 0.967 0.967 0.967 0.947 0.930 0.931 0.948 0.903 

4419 0.940 0.986 0.927 0.964 0.951 0.949 0.949 0.965 0.935 0.933 0.923 0.972 

Configuration with IT10 and ∆𝑡3 

4403 0.878 0.846 0.795 0.959 0.978 0.980 0.976 0.328 0.930 0.932 0.968 0.896 

4411 0.054 0.913 0.984 0.941 0.975 0.973 0.972 0.966 0.950 0.951 0.959 0.917 

4419 0.941 0.981 0.925 0.956 0.951 0.948 0.948 0.968 0.935 0.931 0.906 0.965 

Configuration with IT10 and ∆𝑡4 

4403 0.807 0.893 0.749 0.961 0.988 0.932 0.987 0.385 0.950 0.948 0.975 0.904 

4411 0.066 0.934 0.941 0.830 0.911 0.964 0.960 0.963 0.953 0.954 0.955 0.914 

4419 0.945 0.975 0.872 0.941 0.940 0.937 0.936 0.969 0.942 0.941 0.924 0.972 

Configuration with IT10 and ∆𝑡5 

4403 0.758 0.833 0.688 0.974 0.962 0.965 0.979 0.137 0.969 0.961 0.985 0.929 

4411 0.082 0.880 0.789 0.801 0.783 0.889 0.879 0.962 0.957 0.959 0.865 0.810 

4419 0.937 0.974 0.862 0.932 0.932 0.928 0.926 0.947 0.941 0.940 0.917 0.968 
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Table F.15: Correlation coefficients (R2) for each one of the numerical model convergence test for the twelve measures 
compared between the numerical and the physical modelling tests for Grid C (data corresponds to Series B and the 
medium orifice diameter: 44 mm). Continuation. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT15 and ∆𝑡1 

4403 0.747 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.002 0.004 0.000 0.000 

4411 0.735 0.738 0.671 0.579 0.464 0.116 0.102 0.006 0.371 0.379 0.725 0.823 

4419 0.951 0.965 0.900 0.837 0.716 0.893 0.732 0.819 0.842 0.832 0.656 0.818 

Configuration with IT15 and ∆𝑡2 

4403 0.912 0.807 0.795 0.909 0.940 0.942 0.938 0.136 0.885 0.888 0.954 0.890 

4411 0.039 0.919 0.967 0.922 0.939 0.967 0.967 0.957 0.937 0.938 0.954 0.913 

4419 0.942 0.986 0.950 0.960 0.954 0.951 0.950 0.964 0.935 0.932 0.900 0.963 

Configuration with IT15 and ∆𝑡3 

4403 0.869 0.864 0.854 0.958 0.971 0.974 0.952 0.385 0.967 0.961 0.945 0.852 

4411 0.043 0.925 0.985 0.950 0.969 0.968 0.967 0.971 0.971 0.971 0.938 0.889 

4419 0.942 0.984 0.932 0.954 0.950 0.947 0.947 0.967 0.915 0.906 0.832 0.924 

Configuration with IT15 and ∆𝑡4 

4403 0.792 0.756 0.724 0.969 0.988 0.990 0.985 0.192 0.933 0.932 0.961 0.875 

4411 0.063 0.934 0.944 0.832 0.903 0.961 0.956 0.971 0.949 0.950 0.949 0.907 

4419 0.944 0.975 0.874 0.939 0.940 0.937 0.936 0.969 0.942 0.941 0.925 0.972 

Configuration with IT15 and ∆𝑡5 

4403 0.759 0.831 0.692 0.974 0.963 0.966 0.978 0.135 0.969 0.961 0.985 0.931 

4411 0.074 0.878 0.795 0.801 0.894 0.885 0.874 0.959 0.954 0.956 0.951 0.921 

4419 0.935 0.974 0.778 0.932 0.932 0.929 0.927 0.967 0.938 0.936 0.920 0.969 
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Table F.16: Normalized Root Mean Square Error (NRMSE) for each one of the numerical model convergence test for 
the twelve measures compared between the numerical and the physical modelling tests for Grid C (data corresponds to 
Series A and the medium orifice diameter: 44 mm; note that results are expressed in %). 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT05 and ∆𝑡1 

4403 26.56 32.78 30.39 33.22 32.75 34.68 33.11 32.88 33.30 33.12 30.01 33.18 

4411 28.93 32.64 33.88 35.58 33.82 33.39 34.12 32.53 33.03 33.30 29.20 34.00 

4419 11.32 27.38 30.58 30.72 33.50 30.02 34.04 34.82 31.26 30.13 27.04 27.41 

Configuration with IT05 and ∆𝑡2 

4403 12.52 28.81 26.77 29.27 28.11 30.59 29.15 32.48 25.14 20.00 27.76 25.64 

4411 35.26 17.51 8.76 20.79 9.33 12.78 11.71 13.69 11.57 13.76 11.69 13.83 

4419 31.89 9.94 12.96 7.59 13.20 9.29 10.70 8.91 11.59 30.07 14.39 7.80 

Configuration with IT05 and ∆𝑡3 

4403 12.12 23.16 23.73 21.50 18.08 21.52 20.35 29.57 13.91 8.32 19.47 15.94 

4411 42.28 10.62 13.15 17.43 12.36 6.18 6.79 7.59 7.64 25.10 6.93 10.75 

4419 25.89 12.81 10.54 7.89 16.40 10.42 12.75 16.70 13.99 39.44 24.35 11.16 

Configuration with IT05 and ∆𝑡4 

4403 13.78 18.25 21.10 13.66 8.88 12.63 11.61 28.90 7.08 17.88 10.66 10.00 

4411 46.55 9.65 22.20 14.88 17.59 12.18 14.61 6.24 7.31 30.10 9.83 157.54 

4419 23.55 15.69 10.88 9.86 20.74 13.16 15.95 20.04 16.34 45.41 29.31 11.66 

Configuration with IT05 and ∆𝑡5 

4403 17.46 16.93 20.63 7.21 5.61 5.63 5.59 30.05 5.27 27.03 4.24 7.31 

4411 48.84 13.80 33.11 16.34 27.94 17.97 21.78 9.91 13.33 36.70 17.26 16.19 

4419 22.69 17.85 13.47 11.28 22.94 15.72 18.76 22.36 18.50 49.44 33.53 12.90 

Configuration with IT10 and ∆𝑡1 

4403 25.62 32.82 30.37 33.20 32.78 34.69 33.14 33.02 33.29 33.08 30.01 33.19 

4411 21.16 31.18 29.95 35.70 31.65 31.87 36.23 31.77 30.07 27.96 28.98 32.15 

4419 13.67 22.40 26.63 27.11 30.48 25.30 24.76 24.99 24.03 17.79 24.92 22.29 

Configuration with IT10 and ∆𝑡2 

4403 12.29 26.97 25.91 27.37 25.75 28.47 27.16 31.42 21.16 13.60 25.75 22.50 

4411 41.33 14.76 7.57 18.78 6.53 9.39 8.23 11.91 9.30 18.21 8.67 12.56 

4419 25.23 8.44 12.99 6.71 11.43 7.83 9.14 11.41 9.42 29.54 12.42 6.05 

Configuration with IT10 and ∆𝑡3 

4403 11.85 21.27 22.55 19.26 15.38 19.02 17.86 27.36 12.57 12.25 16.98 15.94 

4411 45.64 10.68 14.46 15.68 10.81 6.58 7.95 6.41 7.55 26.81 7.25 10.62 

4419 23.40 13.17 11.02 8.35 16.34 10.39 12.82 17.82 13.75 40.38 22.59 9.34 

Configuration with IT10 and ∆𝑡4 

4403 14.47 16.37 21.45 12.70 6.91 12.97 9.74 25.91 8.10 21.28 9.18 12.67 

4411 47.94 9.59 21.94 16.62 19.40 10.89 13.77 7.68 8.67 31.46 10.62 11.03 

4419 22.56 15.96 12.96 10.15 20.05 13.32 16.11 20.25 16.29 45.68 27.71 10.91 

Configuration with IT10 and ∆𝑡5 

4403 17.18 14.98 20.99 7.42 7.96 7.50 5.82 34.21 6.57 27.89 3.98 10.29 

4411 49.72 14.02 32.88 16.11 29.20 19.05 22.99 10.79 9.87 34.90 17.88 16.97 

4419 22.13 17.63 13.22 11.33 22.62 15.46 18.48 22.57 18.11 48.96 32.69 12.58 
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Table F.17: Normalized Root Mean Square Error (NRMSE) for each one of the numerical model convergence test for 
the twelve measures compared between the numerical and the physical modelling tests for Grid C (data corresponds to 
Series A and the medium orifice diameter: 44 mm; note that results are expressed in %). Continuation. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT15 and ∆𝑡1 

4403 25.35 32.79 30.38 33.20 32.79 34.69 33.12 32.97 33.27 32.93 30.01 33.19 

4411 20.14 30.88 30.01 33.07 31.16 33.08 35.36 32.73 30.32 28.78 28.97 32.21 

4419 14.77 21.16 26.75 26.83 25.41 24.97 41.73 25.21 23.87 18.14 24.92 22.53 

Configuration with IT15 and ∆𝑡2 

4403 12.37 26.29 24.94 26.50 24.72 27.54 26.26 30.80 20.00 12.35 24.89 21.78 

4411 43.38 12.72 8.57 18.65 8.41 8.36 7.32 10.59 8.52 19.68 7.98 11.94 

4419 23.24 8.38 12.04 7.07 11.24 7.74 9.12 12.46 9.64 30.32 12.13 6.52 

Configuration with IT15 and ∆𝑡3 

4403 12.17 20.70 22.18 18.81 14.99 18.63 17.72 26.36 10.83 11.49 16.72 16.79 

4411 46.93 10.00 14.99 15.24 11.82 7.32 8.89 5.97 5.99 26.92 8.65 12.19 

4419 22.84 13.05 10.76 8.60 16.49 10.50 12.93 18.11 14.96 41.55 24.19 11.28 

Configuration with IT15 and ∆𝑡4 

4403 14.92 18.74 21.58 12.10 6.54 10.37 9.34 30.55 9.09 22.34 9.39 13.75 

4411 48.38 9.72 22.13 16.47 20.11 11.41 14.36 7.25 9.04 31.97 11.24 11.47 

4419 22.25 16.12 12.86 10.39 20.22 13.44 16.25 20.41 16.48 46.04 28.31 11.11 

Configuration with IT15 and ∆𝑡5 

4403 17.11 15.06 20.96 7.45 7.85 7.48 5.97 34.29 6.56 27.88 3.95 10.20 

4411 49.97 14.06 32.41 16.13 25.03 19.02 22.92 10.72 9.99 34.89 14.58 11.27 

4419 22.02 17.59 16.54 11.29 22.49 15.35 18.37 21.66 18.24 48.99 32.63 12.57 
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Table F.18: Correlation coefficients (R2) for each one of the numerical model convergence test for the twelve measures 
compared between the numerical and the physical modelling tests for Grid D (data corresponds to Series A and the 
medium orifice diameter: 44 mm). 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT05 and ∆𝑡1 

4403 0.811 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.003 0.000 0.000 

4411 0.893 0.243 0.052 0.023 0.012 0.014 0.013 0.002 0.003 0.004 0.009 0.002 

4419 0.961 0.838 0.721 0.572 0.244 0.613 0.608 0.078 0.238 0.242 0.811 0.932 

Configuration with IT05 and ∆𝑡2 

4403 0.811 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.003 0.000 0.000 

4411 0.893 0.243 0.052 0.023 0.012 0.014 0.013 0.002 0.003 0.004 0.009 0.002 

4419 0.961 0.838 0.721 0.572 0.244 0.613 0.608 0.078 0.238 0.242 0.811 0.932 

Configuration with IT05 and ∆𝑡3 

4403 0.859 0.900 0.838 0.930 0.948 0.949 0.944 0.398 0.948 0.948 0.916 0.804 

4411 0.069 0.904 0.968 0.954 0.941 0.971 0.971 0.950 0.948 0.950 0.964 0.921 

4419 0.945 0.989 0.929 0.962 0.950 0.947 0.945 0.959 0.934 0.930 0.900 0.964 

Configuration with IT05 and ∆𝑡4 

4403 0.814 0.820 0.769 0.963 0.975 0.976 0.972 0.314 0.969 0.967 0.980 0.960 

4411 0.079 0.927 0.978 0.935 0.923 0.923 0.921 0.967 0.954 0.956 0.961 0.922 

4419 0.948 0.988 0.941 0.958 0.948 0.945 0.944 0.967 0.936 0.931 0.900 0.964 

Configuration with IT05 and ∆𝑡5 

4403 0.733 0.791 0.673 0.967 0.971 0.971 0.963 0.247 0.977 0.972 0.986 0.937 

4411 0.095 0.871 0.889 0.841 0.913 0.910 0.904 0.961 0.962 0.963 0.961 0.936 

4419 0.939 0.948 0.939 0.947 0.941 0.938 0.936 0.945 0.935 0.930 0.890 0.959 

Configuration with IT10 and ∆𝑡1 

4403 0.853 0.000 0.001 0.001 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 

4411 0.069 0.904 0.968 0.954 0.941 0.971 0.971 0.950 0.948 0.950 0.964 0.921 

4419 0.960 0.940 0.855 0.791 0.775 0.825 0.819 0.684 0.763 0.755 0.759 0.901 

Configuration with IT10 and ∆𝑡2 

4403 0.882 0.902 0.755 0.873 0.906 0.907 0.893 0.147 0.893 0.889 0.922 0.850 

4411 0.555 0.926 0.955 0.954 0.966 0.966 0.966 0.956 0.959 0.960 0.930 0.866 

4419 0.965 0.989 0.927 0.961 0.951 0.947 0.946 0.957 0.911 0.901 0.805 0.914 

Configuration with IT10 and ∆𝑡3 

4403 0.834 0.827 0.788 0.949 0.972 0.974 0.969 0.353 0.953 0.948 0.953 0.872 

4411 0.051 0.923 0.981 0.965 0.968 0.967 0.966 0.966 0.924 0.926 0.936 0.879 

4419 0.948 0.987 0.945 0.958 0.954 0.951 0.950 0.968 0.942 0.940 0.828 0.925 

Configuration with IT10 and ∆𝑡4 

4403 0.804 0.854 0.735 0.951 0.952 0.953 0.948 0.400 0.957 0.958 0.980 0.925 

4411 0.071 0.925 0.937 0.931 0.902 0.960 0.957 0.966 0.944 0.946 0.949 0.903 

4419 0.949 0.986 0.946 0.954 0.949 0.947 0.945 0.949 0.937 0.934 0.912 0.969 

Configuration with IT10 and ∆𝑡5 

4403 0.735 0.693 0.544 0.966 0.987 0.990 0.982 0.355 0.980 0.975 0.977 0.975 

4411 0.081 0.880 0.798 0.851 0.896 0.893 0.886 0.960 0.956 0.958 0.955 0.921 

4419 0.938 0.945 0.941 0.944 0.942 0.939 0.937 0.950 0.936 0.932 0.899 0.963 
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Table F.19: Correlation coefficients (R2) for each one of the numerical model convergence test for the twelve measures 
compared between the numerical and the physical modelling tests for Grid D (data corresponds to Series B and the 
medium orifice diameter: 44 mm). Continuation. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT15 and ∆𝑡1 

4403 0.705 0.001 0.002 0.000 0.000 0.000 0.001 0.003 0.000 0.000 0.001 0.001 

4411 0.818 0.738 0.685 0.189 0.353 0.515 0.501 0.277 0.520 0.514 0.779 0.899 

4419 0.968 0.886 0.846 0.847 0.262 0.790 0.784 0.846 0.796 0.782 0.273 0.260 

Configuration with IT15 and ∆𝑡2 

4403 0.891 0.832 0.809 0.894 0.926 0.927 0.919 0.205 0.809 0.819 0.894 0.798 

4411 0.566 0.878 0.974 0.964 0.961 0.961 0.954 0.958 0.953 0.954 0.970 0.939 

4419 0.939 0.987 0.940 0.959 0.954 0.951 0.951 0.964 0.922 0.914 0.841 0.935 

Configuration with IT15 and ∆𝑡3 

4403 0.829 0.838 0.840 0.948 0.971 0.971 0.967 0.399 0.956 0.953 0.939 0.847 

4411 0.050 0.925 0.981 0.964 0.965 0.964 0.964 0.966 0.967 0.968 0.930 0.871 

4419 0.949 0.986 0.947 0.957 0.954 0.951 0.950 0.968 0.942 0.940 0.834 0.928 

Configuration with IT15 and ∆𝑡4 

4403 0.806 0.866 0.712 0.949 0.939 0.941 0.978 0.411 0.948 0.950 0.973 0.911 

4411 0.071 0.925 0.936 0.930 0.903 0.960 0.957 0.967 0.945 0.946 0.948 0.903 

4419 0.956 0.985 0.946 0.953 0.949 0.947 0.945 0.951 0.941 0.939 0.914 0.970 

Configuration with IT15 and ∆𝑡5 

4403 0.750 0.716 0.524 0.969 0.986 0.988 0.981 0.364 0.979 0.974 0.981 0.969 

4411 0.083 0.889 0.803 0.864 0.896 0.893 0.887 0.961 0.954 0.956 0.953 0.918 

4419 0.940 0.982 0.942 0.946 0.943 0.940 0.938 0.952 0.936 0.932 0.898 0.963 
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Table F.20: Normalized Root Mean Square Error (NRMSE) for each one of the numerical model convergence test for 
the twelve measures compared between the numerical and the physical modelling tests for Grid D (data corresponds to 
Series A and the medium orifice diameter: 44 mm; note that results are expressed in %). 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT05 and ∆𝑡1 

4403 26.89 32.80 30.38 33.23 32.75 34.67 33.12 33.10 33.41 33.25 30.01 33.18 

4411 22.29 33.18 34.24 35.02 33.08 33.74 34.20 33.24 32.69 32.52 29.27 35.34 

4419 11.33 27.73 30.55 30.46 31.92 29.97 29.34 35.14 37.05 36.86 26.85 25.80 

Configuration with IT05 and ∆𝑡2 

4403 11.69 27.97 26.15 29.10 28.37 30.39 29.05 31.85 23.53 22.69 27.42 23.98 

4411 24.65 16.60 8.43 19.83 10.85 12.39 11.43 12.88 9.90 9.64 13.51 14.62 

4419 27.61 7.70 12.64 9.12 9.64 8.82 10.03 8.72 11.68 12.57 15.50 11.12 

Configuration with IT05 and ∆𝑡3 

4403 12.43 21.32 22.19 21.36 19.13 21.16 19.95 26.42 12.25 11.10 19.00 18.29 

4411 43.88 11.33 13.18 14.70 8.76 6.11 6.59 7.52 7.62 7.81 5.76 10.45 

4419 23.62 12.49 11.15 7.01 11.87 10.05 12.38 16.05 14.05 14.55 19.31 9.32 

Configuration with IT05 and ∆𝑡4 

4403 14.80 17.16 20.43 13.00 9.19 10.94 9.89 27.77 6.45 6.23 8.62 9.05 

4411 47.39 10.22 21.05 11.89 15.01 13.43 15.97 9.24 9.80 10.31 10.74 11.09 

4419 22.59 15.79 9.59 8.12 14.74 12.52 15.33 19.88 17.76 18.05 27.48 12.77 

Configuration with IT05 and ∆𝑡5 

4403 17.93 15.80 20.48 7.44 6.71 6.30 7.46 32.52 7.81 8.74 4.61 9.38 

4411 50.53 15.62 31.97 14.10 21.52 19.62 23.82 14.48 12.32 12.86 17.67 12.20 

4419 22.11 19.33 9.35 9.45 16.81 14.44 17.47 23.03 20.09 20.31 34.02 15.92 

Configuration with IT10 and ∆𝑡1 

4403 25.51 32.80 30.45 33.25 32.78 34.69 33.18 33.17 33.45 33.12 30.01 33.18 

4411 43.88 11.33 13.18 14.70 8.76 6.11 6.59 7.52 7.62 7.81 5.76 10.45 

4419 14.74 21.45 26.85 26.35 26.41 25.84 25.20 25.52 24.85 24.80 24.65 21.64 

Configuration with IT10 and ∆𝑡2 

4403 12.22 25.73 24.91 27.10 26.09 28.12 26.84 30.66 19.95 19.02 25.41 22.30 

4411 23.56 13.03 8.31 18.18 8.37 9.85 8.71 10.10 7.70 7.24 11.33 14.40 

4419 23.56 8.91 12.55 7.15 9.13 8.13 9.61 11.94 12.38 13.29 16.54 9.97 

Configuration with IT10 and ∆𝑡3 

4403 13.27 20.74 22.06 19.44 16.74 18.75 17.57 26.75 10.60 9.71 16.66 15.70 

4411 46.03 10.12 14.32 13.74 7.65 6.90 8.07 6.41 9.64 9.93 7.97 12.77 

4419 22.48 13.26 10.19 7.46 12.12 10.19 12.64 16.67 14.73 15.07 23.38 12.12 

Configuration with IT10 and ∆𝑡4 

4403 15.08 15.93 20.79 12.66 9.63 11.16 10.25 25.80 7.32 7.05 7.82 10.81 

4411 48.70 10.57 23.68 11.75 16.69 11.97 14.95 9.93 10.75 11.23 12.02 12.39 

4419 21.79 15.78 9.38 8.34 14.57 12.37 15.16 20.60 17.72 17.97 27.43 12.66 

Configuration with IT10 and ∆𝑡5 

4409 18.55 18.27 21.83 7.42 5.31 4.72 5.82 29.00 7.15 8.07 4.84 6.15 

4411 51.52 15.07 34.65 13.69 21.94 20.14 24.26 14.45 12.43 12.90 17.31 12.96 

4419 21.74 19.26 9.28 9.48 16.41 14.07 17.07 22.43 19.79 19.99 33.18 15.53 
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Table F.21: Normalized Root Mean Square Error (NRMSE) for each one of the numerical model convergence test for 
the twelve measures compared between the numerical and the physical modelling tests for Grid D (data corresponds to 
Series A and the medium orifice diameter: 44 mm; note that results are expressed in %). Continuation. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             
Configuration with IT15 and ∆𝑡1 

4403 25.16 32.79 30.54 33.22 32.77 34.68 33.09 32.93 33.50 33.21 30.01 33.16 

4411 18.67 30.74 29.53 33.87 35.66 35.93 36.50 34.88 35.34 35.29 28.89 31.64 

4419 16.78 20.57 26.52 24.47 42.23 24.68 24.00 23.81 23.20 23.22 31.22 41.31 

Configuration with IT15 and ∆𝑡2 

4403 12.00 25.64 24.42 26.51 25.40 27.44 26.16 29.91 20.40 19.36 24.93 22.32 

4411 23.49 13.98 7.42 17.59 8.02 9.33 8.69 9.37 7.65 7.30 9.24 11.06 

4419 23.75 9.47 11.96 7.27 9.14 7.97 9.59 12.01 12.15 12.98 15.84 8.92 

Configuration with IT15 and ∆𝑡3 

4403 13.49 20.12 21.41 18.72 15.82 17.82 16.63 25.90 9.86 8.93 15.99 16.02 

4411 46.53 9.96 15.11 13.42 8.33 7.39 8.79 6.56 6.79 7.28 8.62 13.18 

4419 22.30 13.66 10.00 7.57 12.44 10.45 12.96 16.89 15.13 15.43 24.02 12.25 

Configuration with IT15 and ∆𝑡4 

4403 15.13 15.80 20.90 12.86 10.28 11.78 8.99 25.53 8.01 7.65 8.30 11.55 

4411 48.60 10.51 23.55 11.84 16.53 11.83 14.78 9.88 10.68 11.16 11.87 12.37 

4419 21.59 15.81 9.34 8.40 14.57 12.37 15.18 20.65 17.71 17.95 27.62 12.75 

Configuration with IT15 and ∆𝑡5 

4403 17.95 17.71 22.30 7.76 5.16 5.13 5.64 28.39 6.87 7.69 4.31 6.76 

4411 51.00 14.32 33.72 13.17 21.39 19.62 23.58 14.01 12.31 12.77 16.78 12.96 

4419 21.76 17.58 9.26 9.35 16.46 14.13 17.13 22.32 19.85 20.02 33.35 15.60 
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Table F.22: Mean, minimum, maximum and standard deviation of the correlation coefficients (R2) for each one of the 
numerical model convergence test for the differential pneumatic pressure (Δp) and the mass flow (ṁ) for Grids A and 
B (data corresponds to Series A and the medium orifice diameter: 44 mm). 

No. 
iterations 

Time 
step 

𝚫𝒑 �̇� 
Mean Min. Max. σ Mean Min. Max. σ 

          Grid A 
IT05 ∆t1 0.457 0.000 0.820 0.341 0.539 0.000 0.936 0.395 
IT05 ∆t2 0.888 0.802 0.942 0.061 0.917 0.882 0.956 0.030 
IT05 ∆t3 0.928 0.844 0.971 0.059 0.933 0.929 0.936 0.003 
IT05 ∆t4 0.916 0.857 0.957 0.043 0.897 0.827 0.944 0.050 
IT05 ∆t5 0.920 0.852 0.954 0.048 0.910 0.862 0.941 0.035 
IT10 ∆t1 0.514 0.000 0.787 0.364 0.583 0.000 0.900 0.412 
IT10 ∆t2 0.918 0.879 0.957 0.032 0.905 0.850 0.956 0.043 
IT10 ∆t3 0.892 0.772 0.967 0.086 0.895 0.882 0.913 0.013 
IT10 ∆t4 0.896 0.763 0.977 0.095 0.903 0.887 0.920 0.013 
IT10 ∆t5 0.932 0.866 0.984 0.049 0.938 0.913 0.954 0.018 
IT15 ∆t1 0.443 0.01 0.770 0.324 0.514 0.005 0.826 0.363 
IT15 ∆t2 0.868 0.814 0.971 0.073 0.857 0.703 0.949 0.110 
IT15 ∆t3 0.893 0.783 0.958 0.078 0.888 0.882 0.899 0.008 
IT15 ∆t4 0.894 0.765 0.971 0.092 0.899 0.889 0.908 0.008 
IT15 ∆t5 0.932 0.869 0.980 0.047 0.940 0.913 0.958 0.020 

Grid B 
IT05 ∆t1 0.383 0.001 0.844 0.349 0.399 0.000 0.948 0.401 
IT05 ∆t2 0.908 0.893 0.935 0.019 0.934 0.873 0.967 0.043 
IT05 ∆t3 0.927 0.843 0.970 0.060 0.936 0.935 0.937 0.001 
IT05 ∆t4 0.917 0.861 0.955 0.040 0.899 0.830 0.949 0.051 
IT05 ∆t5 0.921 0.856 0.953 0.046 0.913 0.863 0.947 0.036 
IT10 ∆t1 0.412 0.001 0.699 0.298 0.502 0.000 0.801 0.357 
IT10 ∆t2 0.917 0.877 0.953 0.031 0.906 0.856 0.955 0.040 
IT10 ∆t3 0.891 0.772 0.966 0.085 0.905 0.895 0.914 0.010 
IT10 ∆t4 0.895 0.766 0.976 0.092 0.905 0.894 0.920 0.011 
IT10 ∆t5 0.933 0.870 0.984 0.047 0.941 0.913 0.957 0.020 
IT15 ∆t1 0.439 0.003 0.786 0.326 0.517 0.005 0.854 0.368 
IT15 ∆t2 0.864 0.810 0.971 0.075 0.855 0.693 0.955 0.115 
IT15 ∆t3 0.904 0.786 0.969 0.083 0.915 0.884 0.958 0.031 
IT15 ∆t4 0.895 0.771 0.971 0.088 0.902 0.897 0.909 0.005 
IT15 ∆t5 0.932 0.873 0.980 0.044 0.943 0.911 0.962 0.022 
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Table F.23: Mean, minimum, maximum and standard deviation of the correlation coefficients (R2) for each one of the 
numerical model convergence test for the differential pneumatic pressure (Δp) and the mass flow (ṁ) for Grids C and 
D (data corresponds to Series A and the medium orifice diameter: 44 mm). 

No. 
iterations 

Time 
step 

𝚫𝒑 �̇� 
Mean Min. Max. σ Mean Min. Max. σ 

          Grid C 
IT05 ∆t1 0.385 0.003 0.654 0.278 0.431 0.000 0.718 0.310 
IT05 ∆t2 0.916 0.880 0.950 0.029 0.904 0.859 0.949 0.037 
IT05 ∆t3 0.922 0.837 0.973 0.061 0.936 0.916 0.964 0.020 
IT05 ∆t4 0.950 0.901 0.977 0.035 0.969 0.962 0.976 0.007 
IT05 ∆t5 0.927 0.882 0.984 0.042 0.922 0.827 0.974 0.068 
IT10 ∆t1 0.538 0.003 0.861 0.381 0.605 0.000 0.923 0.428 
IT10 ∆t2 0.943 0.923 0.958 0.015 0.930 0.903 0.972 0.030 
IT10 ∆t3 0.944 0.906 0.968 0.027 0.926 0.896 0.965 0.029 
IT10 ∆t4 0.952 0.924 0.975 0.021 0.930 0.904 0.972 0.030 
IT10 ∆t5 0.922 0.865 0.985 0.049 0.902 0.810 0.968 0.067 
IT15 ∆t1 0.460 0.000 0.725 0.327 0.547 0.000 0.823 0.387 
IT15 ∆t2 0.936 0.900 0.954 0.026 0.922 0.890 0.963 0.030 
IT15 ∆t3 0.905 0.832 0.945 0.052 0.888 0.852 0.924 0.030 
IT15 ∆t4 0.945 0.925 0.961 0.015 0.918 0.875 0.972 0.040 
IT15 ∆t5 0.952 0.920 0.985 0.027 0.940 0.921 0.969 0.021 

Grid D 
IT05 ∆t1 0.273 0.000 0.811 0.380 0.311 0.000 0.932 0.439 
IT05 ∆t2 0.273 0.000 0.811 0.380 0.311 0.000 0.932 0.439 
IT05 ∆t3 0.927 0.900 0.964 0.027 0.896 0.804 0.964 0.068 
IT05 ∆t4 0.947 0.900 0.980 0.034 0.949 0.922 0.964 0.019 
IT05 ∆t5 0.946 0.890 0.986 0.041 0.944 0.936 0.959 0.011 
IT10 ∆t1 0.574 0.000 0.964 0.415 0.607 0.000 0.921 0.429 
IT10 ∆t2 0.886 0.805 0.930 0.057 0.877 0.850 0.914 0.027 
IT10 ∆t3 0.906 0.828 0.953 0.055 0.892 0.872 0.625 0.024 
IT10 ∆t4 0.947 0.912 0.980 0.028 0.932 0.903 0.969 0.027 
IT10 ∆t5 0.944 0.899 0.977 0.033 0.953 0.921 0.975 0.023 
IT15 ∆t1 0.351 0.001 0.779 0.323 0.387 0.001 0.899 0.377 
IT15 ∆t2 0.902 0.841 0.970 0.053 0.891 0.798 0.939 0.065 
IT15 ∆t3 0.901 0.834 0.939 0.047 0.882 0.847 0.928 0.034 
IT15 ∆t4 0.945 0.914 0.973 0.024 0.928 0.903 0.970 0.030 
IT15 ∆t5 0.944 0.898 0.981 0.034 0.950 0.918 0.969 0.023 
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Table F.24: Mean, minimum, maximum and standard deviation of the Normalized Root Mean Square Error (NRMSE) 
for each one of the numerical model convergence test for the differential pneumatic pressure (Δp) and the mass flow 
(ṁ) for Grids A and B (data corresponds to Series A and the medium orifice diameter: 44 mm). 

No. 
iterations 

Time 
step 

𝚫𝒑 �̇� 
Mean Min. Max. σ Mean Min. Max. σ 

          Grid A 
IT05 ∆t1 28.69% 26.85% 30.01% 1.34% 30.98% 25.73% 34.02% 3.72% 
IT05 ∆t2 19.12% 14.38% 28.17% 6.40% 16.82% 9.47% 25.47% 6.60% 
IT05 ∆t3 15.69% 5.60% 21.25% 7.15% 12.47% 9.92% 16.58% 2.93% 
IT05 ∆t4 17.69% 9.50% 31.75% 9.99% 13.68% 10.88% 15.35% 2.00% 
IT05 ∆t5 20.86% 6.51% 39.89% 14.02% 14.67% 12.14% 18.26% 2.61% 
IT10 ∆t1 28.07% 25.17% 30.01% 2.09% 29.46% 22.75% 33.18% 4.76% 
IT10 ∆t2 16.73% 10.92% 26.25% 6.79% 14.42% 7.16% 23.28% 6.68% 
IT10 ∆t3 17.28% 7.56% 26.90% 7.90% 14.01% 12.58% 15.04% 1.04% 
IT10 ∆t4 18.68% 8.94% 35.68% 12.06% 13.76% 11.30% 17.76% 2.85% 
IT10 ∆t5 19.95% 3.91% 39.09% 14.53% 13.06% 8.17% 17.85% 3.96% 
IT15 ∆t1 28.19% 25.57% 30.01% 1.90% 29.77% 23.88% 3315% 4.18% 
IT15 ∆t2 16.98% 9.40% 25.91% 6.81% 14.76% 9.51% 24.14% 6.65% 
IT15 ∆t3 17.13% 7.56% 27.02% 7.95% 14.09% 12.58% 15.46% 1.18% 
IT15 ∆t4 18.76% 8.87% 35.52% 11.91% 13.94% 11.80% 17.62% 2.62% 
IT15 ∆t5 20.00% 4.32% 39.01% 14.36% 12.92% 7.77% 17.82% 4.11% 

Grid B 
IT05 ∆t1 28.78% 27.09% 30.01% 1.24% 31.23% 25.92% 34.58% 3.80% 
IT05 ∆t2 18.10% 10.95% 28.24% 7.37% 15.72% 7.13% 25.03% 7.33% 
IT05 ∆t3 15.61% 5.74% 20.64% 6.97% 12.55% 9.48% 15.65% 2.52% 
IT05 ∆t4 16.83% 9.11% 29.40% 8.97% 14.26% 11.61% 16.09% 1.92% 
IT05 ∆t5 19.36% 6.58% 36.22% 12.44% 15.49% 13.49% 18.88% 2.41% 
IT10 ∆t1 28.28% 25.77% 30.01% 1.82% 29.84% 23.72% 33.19% 4.34% 
IT10 ∆t2 16.72% 11.16% 26.33% 6.82% 14.31% 8.07% 22.74% 6.19% 
IT10 ∆t3 16.96% 7.63% 25.72% 7.40% 15.01% 14.23% 15.79% 0.78% 
IT10 ∆t4 17.87% 9.21% 33.43% 11.03% 14.35% 10.98% 18.92% 3.25% 
IT10 ∆t5 18.63% 4.01% 36.04% 13.22% 13.88% 8.48% 18.69% 4.19% 
IT15 ∆t1 28.33% 25.98% 30.01% 1.71% 29.80% 24.07% 33.22% 4.07% 
IT15 ∆t2 17.00% 9.61% 25.97% 6.77% 14.52% 9.29% 23.82% 6.60% 
IT15 ∆t3 15.97% 5.50% 25.44% 8.17% 12.70% 7.88% 15.43% 3.42% 
IT15 ∆t4 17.95% 9.12% 33.23% 10.85% 14.55% 11.52% 18.77% 3.08% 
IT15 ∆t5 18.30% 4.41% 35.08% 12.69% 13.56% 8.01% 18.29% 4.24% 
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Table F.25: Mean, minimum, maximum and standard deviation of the Normalized Root Mean Square Error (NRMSE) 
for each one of the numerical model convergence test for the differential pneumatic pressure (Δp) and the mass flow 
(ṁ) for Grids C and D (data corresponds to Series A and the medium orifice diameter: 44 mm). 

No. 
iterations 

Time 
step 

𝚫𝒑 �̇� 
Mean Min. Max. σ Mean Min. Max. σ 

          Grid C 
IT05 ∆t1 28.75% 27.04% 30.01% 1.25% 31.53% 27.41% 34.00% 2.93% 
IT05 ∆t2 17.95% 11.69% 27.76% 7.03% 11.75% 7.80% 25.64% 7.41% 
IT05 ∆t3 16.92% 6.93% 24.35% 7.34% 12.62% 10.75% 15.94% 2.36% 
IT05 ∆t4 16.60% 9.83% 29.31% 9.00% 10.83% 10.00% 11.66% 0.83% 
IT05 ∆t5 18.34% 4.24% 33.53% 11.98% 12.13% 7.31% 16.19% 3.67% 
IT10 ∆t1 27.97% 24.92% 30.01% 2.19% 29.21% 22.29% 33.19% 4.91% 
IT10 ∆t2 15.61% 8.67% 25.75% 7.33% 13.70% 6.05% 22.50% 6.76% 
IT10 ∆t3 15.61% 7.25% 22.59% 6.34% 11.97% 9.34% 15.94% 2.86% 
IT10 ∆t4 15.84% 9.18% 27.71% 8.41% 11.54% 10.91% 12.67% 0.80% 
IT10 ∆t5 18.18% 3.98% 32.69% 11.72% 13.28% 10.29% 16.97% 2.77% 
IT15 ∆t1 27.97% 24.92% 30.01% 2.19% 29.31% 22.53% 33.19% 4.81% 
IT15 ∆t2 15.00% 7.98% 24.89% 7.19% 13.41% 6.52% 21.78% 6.31% 
IT15 ∆t3 16.52% 8.65% 24.19% 6.35% 13.42% 11.28% 16.79% 2.41% 
IT15 ∆t4 16.31% 9.39% 28.31% 8.52% 12.11% 11.11% 13.75% 1.17% 
IT15 ∆t5 17.05% 3.95% 32.63% 11.84% 11.35% 10.20% 12.57% 0.97% 

Grid D 
IT05 ∆t1 28.71% 26.85% 30.01% 1.35% 31.44% 25.80% 35.34% 4.09% 
IT05 ∆t2 18.81% 13.51% 27.42% 6.14% 16.57% 11.12% 23.98% 5.43% 
IT05 ∆t3 14.69% 5.76% 19.31% 6.32% 12.68% 9.32% 18.29% 3.99% 
IT05 ∆t4 15.61% 8.62% 27.48% 8.44% 10.97% 9.05% 12.77% 1.52% 
IT05 ∆t5 18.77% 4.61% 34.02% 12.03% 12.50% 9.38% 15.92% 2.68% 
IT10 ∆t1 20.14% 5.76% 30.01% 10.40% 21.76% 10.45% 33.18% 9.28% 
IT10 ∆t2 17.76% 11.33% 25.41% 5.81% 15.55% 9.92% 22.30% 5.10% 
IT10 ∆t3 16.00% 7.97% 23.38% 6.31% 13.53% 12.12% 15.70% 1.56% 
IT10 ∆t4 15.75% 7.82% 27.43% 8.43% 11.95% 10.81% 12.66% 0.82% 
IT10 ∆t5 18.44% 4.84% 33.18% 11.60% 11.55% 6.15% 15.53% 3.95% 
IT15 ∆t1 30.04% 28.89% 31.22% 0.95% 35.37% 31.64% 41.31% 4.25% 
IT15 ∆t2 16.67% 9.24% 24.93% 6.43% 14.10% 8.92% 22.32% 5.88% 
IT15 ∆t3 16.21% 8.62% 24.02% 6.29% 13.82% 12.25% 16.02% 1.60% 
IT15 ∆t4 15.93% 8.30% 27.62% 8.39% 12.22% 11.55% 12.75% 0.50% 
IT15 ∆t5 18.15% 4.31% 33.35% 11.90% 11.77% 6.76% 15.60% 3.71% 
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F.3. Model validation 

 
Table F.26: Correlation coefficients (R2) for the validation of the twelve measures compared between the numerical 
and the physical modelling tests for Series A and Orifice diameter 44 mm. Data from the model considering Equation 
(7.2) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             4401 0.926 0.937 0.915 0.974 0.981 0.981 0.981 0.658 0.961 0.969 0.988 0.947 
4402 0.770 0.880 0.898 0.964 0.977 0.978 0.974 0.736 0.935 0.944 0.980 0.911 
4403 0.742 0.926 0.843 0.948 0.974 0.976 0.966 0.449 0.957 0.949 0.978 0.916 
4404 0.963 0.954 0.961 0.933 0.981 0.982 0.982 0.875 0.908 0.901 0.992 0.956 
4405 0.971 0.938 0.969 0.953 0.975 0.977 0.978 0.873 0.903 0.927 0.986 0.939 
4406 0.973 0.931 0.969 0.949 0.961 0.974 0.977 0.878 0.891 0.929 0.985 0.932 
4407 0.968 0.925 0.858 0.916 0.924 0.920 0.975 0.933 0.981 0.981 0.957 0.952 
4408 0.970 0.920 0.862 0.880 0.927 0.924 0.978 0.935 0.959 0.958 0.899 0.969 
4409 0.943 0.932 0.815 0.872 0.901 0.972 0.970 0.924 0.943 0.933 0.951 0.961 
4410 0.934 0.929 0.969 0.955 0.937 0.972 0.972 0.962 0.962 0.962 0.911 0.838 
4411 0.986 0.912 0.970 0.951 0.975 0.974 0.974 0.965 0.971 0.971 0.980 0.959 
4412 0.964 0.898 0.962 0.965 0.975 0.975 0.973 0.960 0.971 0.970 0.978 0.960 
4413 0.927 0.970 0.975 0.917 0.913 0.882 0.879 0.973 0.900 0.896 0.926 0.922 
4414 0.892 0.956 0.939 0.947 0.860 0.907 0.905 0.968 0.978 0.977 0.865 0.916 
4415 0.890 0.944 0.915 0.968 0.873 0.913 0.870 0.964 0.971 0.973 0.916 0.898 
4416 0.917 0.911 0.907 0.942 0.959 0.959 0.962 0.936 0.936 0.935 0.972 0.939 
4417 0.815 0.897 0.905 0.956 0.956 0.959 0.980 0.933 0.934 0.935 0.940 0.946 
4418 0.733 0.893 0.900 0.956 0.978 0.979 0.979 0.946 0.935 0.937 0.937 0.941 
4419 0.946 0.988 0.962 0.962 0.958 0.955 0.954 0.961 0.930 0.922 0.974 0.980 
4420 0.962 0.986 0.934 0.952 0.963 0.961 0.959 0.952 0.890 0.892 0.955 0.984 
4421 0.951 0.973 0.916 0.953 0.953 0.951 0.948 0.944 0.937 0.933 0.942 0.979 
4422 0.935 0.961 0.874 0.845 0.935 0.934 0.935 0.945 0.977 0.977 0.903 0.973 
4423 0.948 0.961 0.889 0.832 0.978 0.960 0.960 0.969 0.985 0.984 0.906 0.975 
4424 0.851 0.966 0.889 0.901 0.949 0.978 0.976 0.970 0.990 0.991 0.935 0.984 

             

Mean 0.912 0.937 0.916 0.933 0.948 0.956 0.959 0.900 0.946 0.948 0.948 0.945 
Min. 0.733 0.880 0.815 0.832 0.860 0.882 0.870 0.449 0.890 0.892 0.865 0.838 
Max. 0.986 0.988 0.975 0.974 0.981 0.982 0.982 0.973 0.990 0.991 0.992 0.984 
σ 0.073 0.029 0.045 0.039 0.033 0.027 0.031 0.120 0.030 0.028 0.034 0.033 
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Table F.27: Normalized Root Mean Square Error (NRMSE) for the validation of the twelve measures compared 
between the numerical and the physical modelling tests for Series A and Orifice diameter 44 mm (note that results are 
expressed in %). Data from the model considering Equation (7.2) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             4401 17.04 25.15 25.64 25.42 24.26 26.06 25.18 25.96 18.76 18.89 23.53 20.55 
4402 18.15 25.96 25.88 25.66 24.27 26.14 24.79 26.04 18.10 17.20 23.33 20.26 
4403 18.13 24.74 24.90 25.38 23.89 25.95 24.71 27.41 16.50 15.73 23.14 19.34 
4404 6.64 7.75 18.85 9.19 18.80 20.10 20.02 19.72 15.48 15.76 18.92 15.68 
4405 5.84 7.76 19.84 7.06 19.75 20.74 20.64 19.89 15.17 14.60 18.99 16.28 
4406 5.58 8.05 20.13 7.35 19.88 20.67 20.45 20.37 15.91 14.06 18.65 16.93 
4407 8.83 23.88 15.92 15.59 16.02 16.97 15.45 14.05 12.58 11.20 17.54 14.34 
4408 10.48 24.93 16.84 15.95 16.51 17.65 16.28 15.33 12.22 10.37 17.66 13.24 
4409 11.43 24.93 19.57 15.56 16.76 16.59 15.73 16.32 11.75 11.17 16.31 12.80 
4410 10.25 17.86 12.57 21.78 13.16 13.51 12.60 15.34 9.40 9.24 14.73 15.92 
4411 8.74 17.24 9.46 21.92 12.09 13.65 12.61 13.43 9.84 8.94 14.29 13.12 
4412 10.34 17.11 8.48 21.44 11.86 13.39 12.31 12.57 9.05 8.62 13.55 12.57 
4413 16.48 13.92 13.73 21.21 12.63 14.44 13.47 10.80 11.41 11.22 11.70 11.34 
4414 18.37 12.64 14.69 21.27 14.37 13.29 12.20 10.88 7.38 6.46 13.29 12.43 
4415 18.55 13.07 15.33 21.28 13.65 12.85 13.38 11.61 7.59 7.11 12.47 13.18 
4416 9.56 17.33 19.91 18.79 8.14 8.95 7.96 10.85 10.65 10.13 11.64 11.37 
4417 14.81 18.94 18.90 17.90 8.33 9.31 6.44 9.54 9.96 9.43 11.22 10.77 
4418 18.12 19.81 18.85 17.69 6.85 8.00 6.36 8.30 9.70 9.46 10.75 11.25 
4419 11.72 4.73 16.40 10.78 8.60 9.73 8.52 6.61 9.64 9.52 8.24 7.78 
4420 9.64 5.59 17.90 14.32 9.65 10.88 9.56 8.17 12.05 11.52 11.02 9.45 
4421 10.43 6.67 19.46 16.02 10.33 11.42 10.16 9.73 9.65 9.68 10.85 8.52 
4422 14.30 10.47 19.43 17.60 9.28 9.67 9.18 12.01 5.82 5.18 9.32 6.32 
4423 12.23 9.00 18.89 16.35 5.30 7.24 6.83 9.69 4.92 4.52 8.61 6.07 
4424 14.10 7.32 17.95 12.62 7.73 5.31 5.36 8.14 4.30 3.58 7.01 5.24 

             

Mean 12.49 15.20 17.90 17.42 13.84 14.69 13.76 14.28 11.16 10.57 14.45 12.70 
Min. 5.58 4.73 8.48 7.06 5.30 5.31 5.36 6.61 4.30 3.58 7.01 5.24 
Max. 18.55 25.96 25.88 25.66 24.27 26.14 25.18 27.41 18.76 18.89 23.53 20.55 
σ 4.11 7.06 4.22 5.25 5.57 5.92 6.00 5.90 3.85 3.84 4.76 4.17 
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Table F.28: Correlation coefficients (R2) for the validation of the twelve measures compared between the numerical 
and the physical modelling tests for Series A and Orifice diameter 44 mm. Data from the model considering Equation 
(7.4) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             4401 0.924 0.934 0.873 0.974 0.981 0.981 0.981 0.752 0.949 0.958 0.986 0.933 
4402 0.901 0.884 0.890 0.961 0.974 0.975 0.971 0.342 0.904 0.914 0.962 0.871 
4403 0.859 0.901 0.841 0.930 0.948 0.949 0.943 0.409 0.948 0.949 0.916 0.804 
4404 0.962 0.938 0.972 0.685 0.980 0.981 0.981 0.897 0.894 0.880 0.989 0.969 
4405 0.969 0.931 0.962 0.634 0.953 0.977 0.979 0.893 0.910 0.928 0.984 0.952 
4406 0.967 0.931 0.974 0.643 0.974 0.977 0.961 0.899 0.893 0.916 0.975 0.912 
4407 0.968 0.926 0.852 0.935 0.922 0.919 0.977 0.936 0.981 0.981 0.937 0.966 
4408 0.966 0.915 0.861 0.862 0.930 0.979 0.979 0.941 0.976 0.975 0.950 0.963 
4409 0.953 0.882 0.846 0.818 0.939 0.935 0.977 0.942 0.939 0.926 0.953 0.963 
4410 0.556 0.928 0.969 0.948 0.935 0.970 0.971 0.957 0.940 0.940 0.960 0.908 
4411 0.486 0.906 0.968 0.954 0.941 0.972 0.971 0.951 0.949 0.950 0.965 0.922 
4412 0.922 0.823 0.942 0.964 0.963 0.962 0.959 0.963 0.930 0.930 0.946 0.903 
4413 0.921 0.857 0.972 0.925 0.914 0.879 0.877 0.972 0.963 0.964 0.912 0.923 
4414 0.885 0.912 0.921 0.964 0.905 0.904 0.902 0.954 0.958 0.954 0.908 0.871 
4415 0.837 0.899 0.901 0.940 0.861 0.896 0.857 0.936 0.957 0.958 0.890 0.857 
4416 0.887 0.921 0.913 0.938 0.946 0.948 0.978 0.943 0.926 0.924 0.944 0.928 
4417 0.834 0.907 0.882 0.951 0.976 0.978 0.977 0.941 0.917 0.917 0.938 0.924 
4418 0.746 0.900 0.829 0.935 0.959 0.962 0.963 0.937 0.922 0.922 0.916 0.932 
4419 0.944 0.989 0.928 0.962 0.954 0.951 0.950 0.962 0.942 0.937 0.967 0.955 
4420 0.951 0.981 0.908 0.955 0.941 0.938 0.956 0.948 0.938 0.941 0.969 0.950 
4421 0.904 0.974 0.845 0.922 0.914 0.911 0.942 0.942 0.922 0.917 0.961 0.951 
4422 0.942 0.971 0.943 0.906 0.966 0.966 0.966 0.954 0.975 0.973 0.954 0.963 
4423 0.904 0.973 0.943 0.858 0.954 0.952 0.952 0.958 0.972 0.972 0.952 0.961 
4424 0.841 0.941 0.880 0.956 0.967 0.965 0.963 0.940 0.966 0.968 0.924 0.976 

             

Mean 0.876 0.922 0.909 0.897 0.946 0.951 0.956 0.886 0.940 0.941 0.948 0.927 
Min. 0.486 0.823 0.829 0.634 0.861 0.879 0.857 0.342 0.893 0.880 0.890 0.804 
Max. 0.969 0.989 0.974 0.974 0.981 0.981 0.981 0.972 0.981 0.981 0.989 0.976 
σ 0.120 0.039 0.047 0.099 0.028 0.029 0.032 0.160 0.025 0.024 0.026 0.041 
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Table F.29: Normalized Root Mean Square Error (NRMSE) for the validation of the twelve measures compared 
between the numerical and the physical modelling tests for Series A and Orifice diameter 44 mm (note that results are 
expressed in %). Data from the model considering Equation (7.4) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             4401 10.78 21.04 23.06 20.80 19.11 21.23 20.26 22.16 14.26 14.20 19.43 16.97 
4402 10.86 22.08 23.07 21.17 19.21 21.14 19.81 28.07 14.37 13.53 19.00 17.52 
4403 11.95 21.32 22.18 21.28 18.99 21.04 19.82 26.18 11.99 11.12 19.00 18.39 
4404 18.24 15.67 11.44 26.33 10.83 12.39 11.66 14.09 11.89 12.57 11.83 11.22 
4405 16.92 18.91 12.86 29.76 12.33 12.98 12.20 14.65 10.99 10.22 11.70 12.72 
4406 16.45 20.88 12.73 30.43 11.35 12.56 12.40 14.97 12.00 10.49 11.41 14.94 
4407 24.29 19.37 31.14 9.89 9.78 10.53 6.77 9.11 5.53 5.01 9.86 8.39 
4408 28.58 20.58 37.86 12.44 9.19 7.26 6.33 9.17 5.66 5.02 8.69 8.14 
4409 28.93 21.12 42.35 14.10 8.39 9.20 5.62 9.32 8.47 8.67 7.74 8.10 
4410 24.10 12.68 15.99 16.21 10.53 8.54 8.62 10.28 8.25 8.23 5.68 10.94 
4411 27.71 11.53 14.43 14.97 9.17 6.57 7.02 8.75 7.74 7.69 5.60 10.62 
4412 12.92 14.33 16.76 13.79 7.77 7.42 8.89 7.49 9.29 9.07 7.07 11.73 
4413 14.98 37.78 7.59 15.96 13.60 14.24 15.31 8.24 11.53 10.97 13.13 10.58 
4414 16.59 34.48 10.04 15.60 14.23 12.75 14.15 7.84 10.14 10.50 11.07 12.86 
4415 18.17 36.22 11.04 16.64 16.25 12.93 16.70 9.04 9.33 9.14 11.12 13.60 
4416 22.48 41.35 12.16 11.16 15.64 12.82 13.90 12.21 13.40 12.73 13.33 11.00 
4417 25.02 41.77 13.06 10.22 13.88 11.44 13.86 14.47 12.96 12.92 12.64 10.73 
4418 27.90 41.79 14.99 11.72 13.50 11.21 13.75 14.70 12.25 12.00 12.57 10.21 
4419 22.15 12.30 11.08 6.88 11.32 9.82 11.67 15.02 14.15 13.83 16.31 11.48 
4420 19.57 12.71 12.72 7.97 11.93 10.56 11.47 10.59 12.64 12.07 12.61 10.64 
4421 26.27 17.11 15.29 10.03 16.74 14.75 16.04 10.07 14.25 14.32 15.99 9.97 
4422 9.90 9.88 8.45 13.94 18.70 16.01 19.34 8.49 19.67 20.16 29.87 15.99 
4423 14.90 12.30 7.85 18.29 21.71 18.50 22.03 10.13 17.59 18.32 26.81 13.88 
4424 20.32 15.39 11.47 16.18 22.24 19.18 23.41 12.49 17.55 16.96 26.17 11.24 

             

Mean 19.58 22.19 16.65 16.07 14.02 13.13 13.79 12.81 11.91 11.66 14.11 12.16 
Min. 9.90 9.88 7.59 6.88 7.77 6.57 5.62 7.49 5.53 5.01 5.60 8.10 
Max. 28.93 41.79 42.35 30.43 22.24 21.23 23.41 28.07 19.67 20.16 29.87 18.39 
σ 5.98 10.35 8.92 6.16 4.19 4.32 5.04 5.43 3.48 3.62 6.34 2.80 
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Table F.30: Correlation coefficients (R2) for the validation of the twelve measures compared between the numerical 
and the physical modelling tests for Series A and Orifice diameter 44 mm. Data from the model considering Equation 
(7.5) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             4401 0.947 0.939 0.815 0.963 0.968 0.969 0.969 0.710 0.970 0.973 0.971 0.978 
4402 0.885 0.923 0.899 0.964 0.940 0.978 0.976 0.748 0.949 0.950 0.987 0.938 
4403 0.882 0.962 0.847 0.951 0.975 0.976 0.972 0.496 0.955 0.951 0.952 0.861 
4404 0.950 0.931 0.951 0.865 0.970 0.970 0.970 0.881 0.922 0.925 0.968 0.975 
4405 0.965 0.924 0.954 0.887 0.922 0.967 0.968 0.876 0.901 0.921 0.963 0.959 
4406 0.965 0.919 0.954 0.869 0.952 0.954 0.956 0.888 0.871 0.906 0.964 0.921 
4407 0.968 0.927 0.853 0.936 0.922 0.919 0.977 0.935 0.982 0.982 0.941 0.965 
4408 0.967 0.917 0.860 0.866 0.928 0.979 0.979 0.941 0.976 0.976 0.951 0.963 
4409 0.949 0.899 0.837 0.832 0.931 0.978 0.977 0.943 0.936 0.923 0.949 0.963 
4410 0.970 0.943 0.979 0.912 0.962 0.962 0.963 0.970 0.959 0.959 0.975 0.941 
4411 0.982 0.925 0.981 0.911 0.968 0.968 0.968 0.969 0.967 0.967 0.977 0.953 
4412 0.942 0.854 0.977 0.935 0.958 0.958 0.957 0.963 0.958 0.958 0.967 0.946 
4413 0.925 0.944 0.977 0.932 0.913 0.867 0.864 0.955 0.920 0.919 0.913 0.929 
4414 0.880 0.948 0.948 0.960 0.901 0.900 0.897 0.969 0.968 0.964 0.899 0.920 
4415 0.871 0.938 0.924 0.955 0.900 0.900 0.898 0.954 0.944 0.946 0.898 0.907 
4416 0.878 0.915 0.908 0.945 0.957 0.958 0.960 0.936 0.934 0.933 0.976 0.950 
4417 0.827 0.891 0.900 0.956 0.950 0.980 0.979 0.935 0.929 0.929 0.933 0.944 
4418 0.741 0.913 0.886 0.951 0.975 0.977 0.977 0.951 0.932 0.933 0.931 0.940 
4419 0.956 0.990 0.952 0.962 0.949 0.944 0.943 0.946 0.944 0.940 0.963 0.984 
4420 0.960 0.984 0.950 0.962 0.963 0.961 0.960 0.968 0.907 0.909 0.967 0.981 
4421 0.940 0.979 0.927 0.948 0.960 0.917 0.914 0.958 0.945 0.943 0.965 0.978 
4422 0.925 0.965 0.886 0.873 0.917 0.958 0.917 0.918 0.971 0.974 0.932 0.985 
4423 0.937 0.967 0.882 0.872 0.978 0.944 0.944 0.956 0.985 0.985 0.943 0.988 
4424 0.830 0.959 0.893 0.914 0.972 0.970 0.968 0.970 0.983 0.985 0.962 0.988 

             

Mean 0.918 0.936 0.914 0.922 0.947 0.952 0.952 0.906 0.946 0.948 0.952 0.952 
Min. 0.741 0.854 0.815 0.832 0.900 0.867 0.864 0.496 0.871 0.906 0.898 0.861 
Max. 0.982 0.990 0.981 0.964 0.978 0.980 0.979 0.970 0.985 0.985 0.987 0.988 
σ 0.057 0.031 0.048 0.039 0.024 0.030 0.031 0.107 0.028 0.024 0.024 0.030 
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Table F.31: Normalized Root Mean Square Error (NRMSE) for the validation of the twelve measures compared 
between the numerical and the physical modelling tests for Series A and Orifice diameter 44 mm (note that results are 
expressed in %). Data from the model considering Equation (7.5) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             4401 8.35 18.75 22.16 18.59 16.78 18.99 17.98 21.30 11.57 11.56 17.33 14.03 
4402 11.54 19.50 21.69 18.80 17.17 18.52 17.15 20.85 11.15 10.52 16.37 14.34 
4403 11.62 18.29 20.90 18.86 16.01 18.08 16.86 24.10 9.93 9.36 16.31 15.99 
4404 20.40 17.67 11.70 21.60 10.44 11.96 11.24 14.28 10.41 10.40 11.57 10.55 
4405 18.61 21.27 12.75 22.71 12.70 12.55 11.78 14.83 11.14 10.36 11.58 12.37 
4406 17.90 23.43 12.95 24.42 11.47 12.58 11.86 14.97 12.69 10.77 11.14 14.59 
4407 21.64 20.00 28.41 10.15 10.37 11.28 7.92 9.49 6.18 5.43 10.88 9.12 
4408 25.33 21.22 34.18 12.32 9.97 8.65 7.67 9.81 6.13 5.14 9.80 8.77 
4409 25.96 21.47 38.72 13.31 9.41 7.83 6.63 9.87 8.69 8.84 8.85 8.46 
4410 5.84 13.58 12.89 18.84 8.90 9.75 9.05 10.98 6.46 6.41 6.49 9.43 
4411 4.86 12.18 9.72 18.23 7.05 8.02 7.15 8.59 6.36 5.90 6.81 9.51 
4412 8.98 14.02 9.87 17.10 7.32 8.06 7.56 7.78 6.89 6.66 6.82 9.86 
4413 14.94 23.53 9.86 18.45 10.86 13.21 13.03 9.43 10.16 9.72 8.54 9.37 
4414 16.91 22.14 10.31 18.24 11.30 11.18 11.07 7.84 6.81 6.71 9.04 10.38 
4415 17.65 21.85 11.65 19.27 10.90 10.85 10.85 9.48 8.42 8.04 9.75 11.21 
4416 13.08 24.08 17.39 16.10 7.37 7.10 6.92 8.88 9.38 8.79 6.63 9.12 
4417 16.20 25.27 16.85 15.47 7.91 5.61 5.00 8.67 9.39 9.00 8.36 9.26 
4418 20.11 26.14 16.79 15.37 5.50 5.46 5.19 7.72 9.15 8.87 7.97 9.74 
4419 12.24 3.56 15.46 9.60 8.20 9.15 8.31 8.37 8.59 8.18 6.75 6.17 
4420 10.13 4.63 16.52 12.84 8.26 9.38 8.13 6.32 10.91 10.30 8.54 8.53 
4421 11.28 5.04 18.38 14.91 8.45 11.30 10.52 8.16 8.65 8.56 8.08 7.41 
4422 14.47 10.02 18.90 16.81 10.21 8.29 10.14 12.61 6.32 5.59 7.95 5.36 
4423 12.54 8.27 18.72 14.98 5.21 8.16 8.01 9.94 4.91 4.42 6.78 5.03 
4424 14.78 7.43 17.59 11.85 5.84 5.88 6.26 7.72 5.19 4.54 5.38 4.97 

             

Mean 14.81 16.81 17.68 16.62 9.90 10.49 9.85 11.33 8.56 8.09 9.49 9.73 
Min. 4.86 3.56 9.72 9.60 5.21 5.46 5.00 6.32 4.91 4.42 5.38 4.97 
Max. 25.96 26.14 38.72 24.42 17.17 18.99 17.98 24.10 12.69 11.56 17.33 15.99 
σ 5.42 6.92 7.27 3.67 3.19 3.72 3.53 4.66 2.15 2.11 3.18 2.89 
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Table F.32: Correlation coefficients (R2) for the validation of the twelve measures compared between the numerical 
and the physical modelling tests for Series A and Orifice diameter 30 mm. Data from the model considering Equation 
(7.5) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             3001 0.904 0.933 0.813 0.969 0.978 0.979 0.977 0.783 0.869 0.882 0.941 0.976 
3002 0.876 0.855 0.846 0.960 0.970 0.971 0.968 0.376 0.899 0.898 0.949 0.958 
3003 0.820 0.814 0.759 0.952 0.902 0.903 0.901 0.186 0.796 0.794 0.908 0.931 
3004 0.944 0.881 0.956 0.050 0.959 0.959 0.957 0.873 0.886 0.892 0.949 0.881 
3005 0.938 0.849 0.960 0.670 0.961 0.962 0.910 0.884 0.869 0.887 0.934 0.876 
3006 0.934 0.873 0.957 0.823 0.939 0.942 0.952 0.886 0.843 0.875 0.943 0.917 
3007 0.913 0.903 0.858 0.924 0.896 0.967 0.966 0.928 0.946 0.937 0.915 0.965 
3008 0.931 0.942 0.859 0.896 0.924 0.921 0.975 0.937 0.952 0.950 0.940 0.965 
3009 0.919 0.903 0.844 0.861 0.943 0.940 0.977 0.941 0.956 0.947 0.957 0.961 
3010 0.581 0.928 0.847 0.959 0.976 0.947 0.945 0.955 0.924 0.936 0.976 0.975 
3011 0.551 0.921 0.818 0.956 0.944 0.979 0.978 0.971 0.936 0.939 0.970 0.977 
3012 0.486 0.810 0.837 0.957 0.956 0.977 0.974 0.971 0.948 0.950 0.953 0.980 
3013 0.927 0.961 0.976 0.961 0.908 0.878 0.875 0.980 0.962 0.965 0.900 0.875 
3014 0.892 0.924 0.915 0.957 0.916 0.915 0.912 0.972 0.965 0.964 0.911 0.882 
3015 0.856 0.898 0.881 0.935 0.876 0.911 0.866 0.962 0.941 0.942 0.894 0.860 
3016 0.836 0.928 0.901 0.951 0.984 0.984 0.984 0.913 0.934 0.931 0.938 0.945 
3017 0.849 0.920 0.898 0.963 0.960 0.964 0.986 0.927 0.928 0.930 0.949 0.919 
3018 0.771 0.914 0.879 0.954 0.951 0.955 0.961 0.945 0.936 0.938 0.944 0.907 
3019 0.914 0.976 0.966 0.970 0.945 0.950 0.951 0.952 0.931 0.931 0.975 0.957 
3020 0.950 0.983 0.916 0.936 0.963 0.931 0.959 0.956 0.928 0.932 0.944 0.960 
3021 0.926 0.975 0.889 0.937 0.960 0.957 0.909 0.952 0.953 0.954 0.935 0.949 
3022 0.891 0.957 0.874 0.841 0.955 0.951 0.948 0.949 0.964 0.965 0.962 0.982 
3023 0.887 0.959 0.888 0.906 0.969 0.966 0.964 0.964 0.980 0.975 0.966 0.986 
3024 0.885 0.966 0.880 0.865 0.981 0.976 0.977 0.954 0.979 0.982 0.972 0.985 

             

Mean 0.849 0.916 0.884 0.881 0.946 0.949 0.949 0.880 0.926 0.929 0.943 0.940 
Min. 0.486 0.810 0.759 0.050 0.876 0.878 0.866 0.186 0.796 0.794 0.894 0.860 
Max. 0.950 0.983 0.976 0.970 0.984 0.984 0.986 0.980 0.980 0.982 0.976 0.986 
σ 0.125 0.048 0.053 0.186 0.028 0.027 0.034 0.187 0.044 0.040 0.023 0.040 
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Table F.33: Normalized Root Mean Square Error (NRMSE) for the validation of the twelve measures compared 
between the numerical and the physical modelling tests for Series A and Orifice diameter 30 mm (note that results are 
expressed in %). Data from the model considering Equation (7.5) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             3001 10.08 19.91 23.83 18.81 16.84 18.26 16.56 21.78 13.74 13.40 15.59 13.85 
3002 11.99 20.42 23.33 18.62 16.42 17.96 16.22 28.34 12.58 11.97 15.35 14.92 
3003 14.35 21.02 23.59 19.04 17.73 19.23 17.72 32.25 15.05 15.26 16.18 14.17 
3004 22.74 28.69 10.81 58.41 10.84 11.84 10.25 14.61 12.09 11.95 10.34 14.85 
3005 20.51 33.27 11.57 41.36 10.92 11.89 12.66 14.60 12.70 12.12 10.82 15.25 
3006 18.73 34.77 12.48 35.30 12.14 12.70 10.99 15.28 13.50 12.27 10.67 15.80 
3007 27.63 22.05 38.82 11.01 11.64 9.19 7.82 9.59 8.64 8.53 10.57 10.16 
3008 28.16 22.39 45.31 10.98 9.89 10.55 6.59 9.48 8.21 7.38 8.63 10.37 
3009 28.77 22.95 50.24 12.12 8.90 9.71 6.16 9.74 7.79 7.21 7.68 10.68 
3010 23.87 10.73 14.97 19.32 6.15 8.91 8.56 10.47 8.99 8.13 4.91 8.57 
3011 24.74 11.04 16.14 19.53 8.19 6.19 5.52 7.52 8.57 8.10 5.49 10.05 
3012 26.90 15.04 15.79 18.89 6.97 5.66 5.59 6.50 7.53 7.18 6.65 9.51 
3013 15.11 31.96 12.20 18.12 11.50 12.65 12.80 5.95 7.16 6.35 9.45 12.49 
3014 16.33 30.76 12.91 19.60 10.01 9.87 10.39 6.94 7.07 6.81 8.77 13.03 
3015 17.43 29.76 14.26 20.80 11.89 9.97 12.52 8.62 8.63 8.39 9.78 14.88 
3016 14.93 26.53 21.28 17.15 7.28 8.26 7.73 10.82 8.54 8.60 8.03 10.27 
3017 16.01 25.02 19.65 15.31 7.60 7.25 5.56 9.36 9.24 8.31 6.97 12.26 
3018 19.44 25.80 18.51 15.78 7.73 7.35 7.32 7.61 8.54 8.15 7.25 13.44 
3019 11.03 10.45 17.62 11.42 9.80 10.18 9.11 8.16 8.98 8.52 5.09 9.20 
3020 9.07 6.92 18.63 12.47 8.79 10.60 7.87 7.30 9.60 8.58 7.55 9.89 
3021 11.10 6.22 20.14 14.33 8.75 9.50 10.51 8.36 8.50 7.42 8.38 10.09 
3022 14.65 14.57 21.98 19.38 11.91 12.42 11.07 12.58 6.56 5.94 6.26 6.82 
3023 13.11 10.80 19.61 14.51 7.52 7.88 7.61 10.16 5.64 5.20 6.16 6.78 
3024 12.30 8.52 18.67 14.50 5.25 5.64 6.15 9.04 5.08 4.55 5.57 7.27 

             

Mean 17.87 20.40 20.93 19.87 10.19 10.57 9.72 11.88 9.29 8.76 8.84 11.44 
Min. 9.07 6.22 10.81 10.98 5.25 5.64 5.52 5.95 5.08 4.55 4.91 6.78 
Max. 28.77 34.77 50.24 58.41 17.73 19.23 17.72 32.25 15.05 15.26 16.18 15.80 
σ 6.06 8.73 9.91 10.55 3.19 3.61 3.50 6.55 2.57 2.63 3.13 2.73 
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Table F.34: Correlation coefficients (R2) for the validation of the twelve measures compared between the numerical 
and the physical modelling tests for Series A and Orifice diameter 51 mm. Data from the model considering Equation 
(7.5) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             5101 0.961 0.922 0.829 0.974 0.979 0.979 0.976 0.612 0.973 0.976 0.987 0.955 
5102 0.939 0.943 0.899 0.964 0.979 0.981 0.977 0.260 0.932 0.941 0.975 0.903 
5103 0.869 0.803 0.856 0.955 0.983 0.984 0.982 0.561 0.955 0.941 0.981 0.920 
5104 0.943 0.904 0.928 0.584 0.972 0.973 0.971 0.845 0.918 0.923 0.959 0.898 
5105 0.968 0.959 0.951 0.664 0.974 0.975 0.936 0.860 0.915 0.918 0.967 0.905 
5106 0.953 0.941 0.951 0.861 0.970 0.975 0.975 0.871 0.911 0.921 0.951 0.879 
5107 0.962 0.974 0.893 0.924 0.915 0.977 0.977 0.945 0.956 0.962 0.911 0.963 
5108 0.960 0.907 0.821 0.908 0.917 0.977 0.977 0.948 0.977 0.975 0.922 0.965 
5109 0.949 0.886 0.816 0.770 0.927 0.976 0.976 0.939 0.978 0.974 0.934 0.963 
5110 0.583 0.943 0.984 0.975 0.970 0.971 0.969 0.980 0.975 0.979 0.979 0.958 
5111 0.569 0.938 0.961 0.979 0.972 0.974 0.973 0.974 0.980 0.981 0.985 0.965 
5112 0.689 0.889 0.948 0.977 0.965 0.966 0.971 0.966 0.975 0.978 0.932 0.866 
5113 0.920 0.965 0.985 0.929 0.904 0.904 0.902 0.966 0.917 0.910 0.893 0.928 
5114 0.904 0.943 0.963 0.970 0.903 0.901 0.900 0.980 0.921 0.922 0.885 0.923 
5115 0.864 0.936 0.950 0.959 0.894 0.892 0.890 0.944 0.895 0.897 0.916 0.900 
5116 0.893 0.903 0.890 0.915 0.970 0.975 0.973 0.946 0.940 0.942 0.807 0.905 
5117 0.834 0.920 0.916 0.952 0.926 0.976 0.976 0.951 0.904 0.906 0.869 0.940 
5118 0.756 0.885 0.902 0.937 0.972 0.975 0.975 0.956 0.898 0.904 0.869 0.937 
5119 0.955 0.991 0.964 0.876 0.956 0.952 0.949 0.962 0.911 0.902 0.928 0.939 
5120 0.960 0.984 0.962 0.963 0.960 0.942 0.941 0.972 0.910 0.902 0.894 0.970 
5121 0.940 0.896 0.768 0.670 0.937 0.931 0.931 0.969 0.945 0.945 0.964 0.978 
5122 0.929 0.964 0.873 0.869 0.926 0.921 0.922 0.962 0.975 0.976 0.810 0.954 
5123 0.885 0.966 0.890 0.869 0.950 0.948 0.948 0.962 0.988 0.988 0.915 0.986 
5124 0.885 0.963 0.897 0.869 0.964 0.961 0.961 0.975 0.989 0.990 0.923 0.983 

             

Mean 0.878 0.930 0.908 0.888 0.949 0.958 0.955 0.888 0.943 0.944 0.923 0.937 
Min. 0.569 0.803 0.768 0.584 0.894 0.892 0.890 0.260 0.895 0.897 0.807 0.866 
Max. 0.968 0.991 0.985 0.979 0.983 0.984 0.982 0.980 0.989 0.990 0.987 0.986 
σ 0.113 0.041 0.057 0.107 0.028 0.027 0.027 0.168 0.031 0.032 0.049 0.033 
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Table F.35: Normalized Root Mean Square Error (NRMSE) for the validation of the twelve measures compared 
between the numerical and the physical modelling tests for Series A and Orifice diameter 51 mm (note that results are 
expressed in %). Data from the model considering Equation (7.5) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             5101 7.50 18.96 22.07 18.19 17.17 19.03 17.75 21.19 12.71 12.38 18.24 15.52 
5102 8.20 18.44 20.30 18.52 16.64 18.42 17.42 26.34 12.82 12.07 17.05 16.33 
5103 12.09 20.14 19.91 18.79 16.17 18.04 16.98 21.21 11.59 11.89 16.48 14.96 
5104 16.10 19.13 15.47 28.59 12.54 13.41 13.05 15.65 11.23 11.01 12.81 13.76 
5105 15.76 16.25 13.84 26.43 11.72 12.66 13.46 15.66 11.07 11.27 11.69 14.43 
5106 15.30 18.11 14.27 20.46 12.10 12.68 11.93 15.77 10.58 10.70 11.95 15.46 
5107 19.95 17.56 23.37 9.01 10.85 8.60 7.59 8.68 8.53 7.35 11.88 9.98 
5108 21.15 19.76 30.61 9.73 10.67 8.67 7.60 9.81 6.95 6.49 11.11 9.82 
5109 23.03 20.58 34.63 15.97 9.69 7.92 6.83 10.20 5.90 5.67 9.72 8.91 
5110 23.39 11.08 8.41 15.08 6.08 6.78 6.28 8.01 5.35 4.81 4.74 8.37 
5111 24.27 11.70 10.47 15.06 6.05 6.63 6.09 7.03 5.24 4.86 5.50 8.78 
5112 20.45 13.33 12.26 15.18 6.38 6.69 5.93 6.72 5.35 5.22 8.11 13.00 
5113 15.51 20.31 7.26 18.03 11.00 10.70 10.41 6.86 9.53 10.07 8.25 9.12 
5114 15.15 19.77 8.46 17.34 10.92 10.85 10.61 6.58 9.66 9.45 9.19 9.94 
5115 17.07 18.57 9.47 18.64 11.18 10.99 10.98 9.57 11.12 10.92 8.29 11.49 
5116 12.05 27.68 17.95 17.69 5.97 5.54 5.59 7.76 8.15 8.10 12.34 10.69 
5117 15.45 27.14 16.47 16.09 9.44 5.45 5.18 7.14 10.46 10.29 10.43 9.82 
5118 18.88 28.20 15.88 15.75 5.70 5.59 5.33 7.09 10.92 10.71 10.18 9.53 
5119 12.87 3.87 14.85 14.42 7.85 8.64 8.10 6.75 10.17 10.38 8.51 9.93 
5120 10.55 4.33 16.66 13.30 8.71 10.05 9.12 6.12 10.51 10.44 10.98 8.85 
5121 11.94 11.05 21.45 21.70 9.88 10.62 9.69 7.75 8.50 8.49 8.09 7.56 
5122 15.10 9.79 18.78 16.23 9.54 9.99 9.56 11.16 5.25 5.14 11.44 7.44 
5123 14.12 7.87 18.75 14.95 7.76 8.00 7.70 9.51 3.82 3.82 8.16 5.67 
5124 13.10 6.89 17.39 13.76 6.38 6.65 6.72 7.34 3.86 3.91 7.50 5.56 

             

Mean 15.79 16.27 17.04 17.04 10.02 10.11 9.58 10.83 8.72 8.56 10.53 10.62 
Min. 7.50 3.87 7.26 9.01 5.70 5.45 5.18 6.12 3.82 3.82 4.74 5.56 
Max. 24.27 28.20 34.63 28.59 17.17 19.03 17.75 26.34 12.82 12.38 18.24 16.33 
σ 4.46 6.70 6.45 4.26 3.26 3.89 3.76 5.43 2.76 2.80 3.26 3.03 
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Table F.36: Correlation coefficients (R2) for the validation of the twelve measures compared between the linear regular 
waves from the numerical simulations and the physical modelling tests for Series B and Orifice diameter 30 mm. Data 
from the model considering Equation (7.5) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             3025 0.787 0.912 0.651 0.926 0.935 0.933 0.929 0.283 0.854 0.803 0.920 0.901 
3026 0.746 0.854 0.361 0.925 0.940 0.942 0.942 0.276 0.637 0.566 0.881 0.793 
3027 0.662 0.825 0.426 0.890 0.913 0.911 0.911 0.313 0.513 0.485 0.821 0.720 
3028 -  -  -  -  -  -  -  -  -  -  -  -  
3029 -  -  -  -  -  -  -  -  -  -  -  -  
3030 0.920 0.684 0.915 0.824 0.915 0.919 0.887 0.837 0.682 0.825 0.865 0.888 
3031 0.927 0.590 0.850 0.789 0.880 0.885 0.885 0.835 0.735 0.787 0.844 0.842 
3032 0.917 0.194 0.718 0.533 0.851 0.859 0.863 0.811 0.658 0.752 0.822 0.790 
3033 0.921 0.201 0.766 0.536 0.853 0.866 0.861 0.806 0.485 0.742 0.807 0.724 
3034 0.888 0.070 0.810 0.712 0.836 0.844 0.847 0.739 0.523 0.704 0.792 0.769 
3035 0.934 0.890 0.720 0.767 0.873 0.871 0.939 0.916 0.926 0.926 0.890 0.936 
3036 0.935 0.823 0.678 0.693 0.899 0.898 0.775 0.910 0.930 0.909 0.899 0.914 
3037 0.917 0.835 0.673 0.683 0.877 0.881 0.877 0.885 0.869 0.845 0.888 0.920 
3038 0.592 0.693 0.621 0.628 0.894 0.892 0.889 0.869 0.849 0.820 0.804 0.866 
3039 -  -  -  -  -  -  -  -  -  -  -  -  
3040 0.941 0.841 0.908 0.942 0.931 0.934 0.974 0.970 0.918 0.915 0.956 0.944 
3041 0.940 0.839 0.878 0.937 0.909 0.961 0.962 0.936 0.890 0.892 0.938 0.948 
3042 0.969 0.777 0.805 0.934 0.944 0.943 0.943 0.931 0.911 0.901 0.952 0.909 
3043 0.752 0.674 0.849 0.910 0.918 0.916 0.918 0.938 0.907 0.908 0.933 0.885 
3044 -  -  -  -  -  -  -  -  -  -  -  -  
3045 0.786 0.865 0.892 0.882 0.874 0.879 0.876 0.932 0.920 0.917 0.883 0.862 
3046 0.735 0.788 0.844 0.838 0.835 0.881 0.878 0.910 0.883 0.874 0.870 0.845 
3047 0.715 0.821 0.768 0.830 0.854 0.874 0.873 0.889 0.852 0.836 0.850 0.851 
3048 -  -  -  -  -  -  -  -  -  -  -  -  
3049 -  -  -  -  -  -  -  -  -  -  -  -  
3050 0.773 0.882 0.849 0.942 0.975 0.976 0.969 0.918 0.930 0.929 0.938 0.893 
3051 0.764 0.809 0.685 0.900 0.947 0.951 0.947 0.927 0.927 0.891 0.929 0.898 
3052 0.699 0.614 0.638 0.878 0.935 0.945 0.935 0.878 0.877 0.846 0.926 0.872 
3053 0.683 0.773 0.574 0.830 0.901 0.925 0.913 0.906 0.893 0.866 0.894 0.871 
3054 0.686 0.724 0.616 0.781 0.903 0.930 0.902 0.903 0.865 0.866 0.891 0.864 
3055 0.879 0.931 0.748 0.895 0.956 0.956 0.954 0.940 0.939 0.938 0.953 0.896 
3056 0.843 0.924 0.690 0.886 0.948 0.946 0.945 0.929 0.923 0.907 0.943 0.889 
3057 0.797 0.901 0.466 0.826 0.931 0.928 0.926 0.907 0.897 0.883 0.943 0.915 
3058 0.740 0.846 0.293 0.782 0.916 0.912 0.867 0.882 0.858 0.845 0.898 0.891 
3059 -  -  -  -  -  -  -  -  -  -  -  -  
3060 0.602 0.905 0.819 0.793 0.838 0.832 0.832 0.912 0.942 0.938 0.935 0.969 
3061 0.609 0.867 0.598 0.737 0.863 0.861 0.859 0.936 0.950 0.945 0.942 0.966 
3062 0.625 0.864 0.804 0.619 0.830 0.891 0.888 0.955 0.947 0.939 0.855 0.917 
3063 0.510 0.800 0.776 0.610 0.828 0.884 0.828 0.951 0.908 0.915 0.855 0.908 
3064 0.522 0.798 0.730 0.542 0.777 0.842 0.839 0.941 0.905 0.927 0.877 0.913 

             

Mean 0.779 0.752 0.710 0.794 0.893 0.905 0.898 0.845 0.840 0.850 0.891 0.878 
Min. 0.510 0.070 0.293 0.533 0.777 0.832 0.775 0.276 0.485 0.485 0.792 0.720 
Max. 0.969 0.931 0.915 0.942 0.975 0.976 0.974 0.970 0.950 0.945 0.956 0.969 
σ 0.131 0.207 0.153 0.125 0.046 0.037 0.046 0.182 0.132 0.102 0.047 0.060 
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Table F.37: Normalized Root Mean Square Error (NRMSE) for the validation of the twelve measures compared 
between the linear regular waves from the numerical simulations and the physical modelling tests for Series B and 
Orifice diameter 30 mm (note that results are expressed in %). Data from the model considering Equation (7.5) for the 
mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             3025 15.93 19.19 23.06 18.85 16.67 18.25 16.27 27.52 11.87 14.65 15.39 13.61 
3026 15.94 20.09 24.71 19.80 17.19 18.54 17.12 28.59 18.41 21.95 16.51 15.92 
3027 17.12 18.97 23.06 21.16 18.53 19.94 18.89 28.20 22.03 24.02 17.88 18.04 
3028 - - - - - - - - - - - - 
3029 - - - - - - - - - - - - 
3030 16.28 36.71 14.24 30.08 12.53 13.52 13.07 15.51 16.77 14.24 12.76 14.58 
3031 13.29 37.67 16.32 27.60 14.01 15.04 13.70 15.87 14.56 14.53 13.57 16.22 
3032 10.73 42.23 19.51 28.72 15.04 16.10 15.13 16.60 16.83 15.02 14.71 18.05 
3033 8.67 41.26 18.89 27.28 15.29 16.45 16.31 16.94 21.06 15.46 15.35 18.49 
3034 10.11 37.22 19.60 21.08 17.54 18.55 18.87 19.01 19.71 15.04 16.88 17.54 
3035 25.09 23.20 51.44 15.26 12.72 13.44 9.46 11.61 8.77 8.29 10.90 11.01 
3036 21.84 23.89 46.07 16.70 11.94 12.88 16.52 12.00 8.73 8.67 11.08 11.94 
3037 14.56 24.79 35.52 16.80 14.74 15.72 14.66 14.86 12.68 12.36 13.38 13.74 
3038 27.19 24.40 41.28 18.12 12.47 13.79 12.97 13.62 12.35 12.18 14.39 13.35 
3039 - - - - - - - - - - - - 
3040 9.14 14.23 14.77 18.68 8.91 8.87 5.62 6.74 9.10 9.29 6.54 11.01 
3041 8.72 14.69 15.83 18.20 10.37 7.32 6.87 9.39 10.75 10.36 7.69 11.47 
3042 6.17 16.90 18.31 18.07 8.44 8.53 8.34 9.80 9.31 9.67 7.16 11.88 
3043 17.16 19.73 15.61 18.22 10.29 10.50 10.18 9.91 9.25 9.81 9.03 13.83 
3044 - - - - - - - - - - - - 
3045 19.04 29.85 13.40 21.22 11.88 11.66 11.96 9.72 9.77 10.05 10.59 14.23 
3046 19.47 31.21 14.62 21.59 13.71 11.55 12.07 10.41 11.60 12.26 11.19 14.71 
3047 19.52 27.83 16.28 21.45 12.55 11.82 12.14 11.19 11.98 13.74 12.12 14.59 
3048 - - - - - - - - - - - - 
3049 - - - - - - - - - - - - 
3050 19.61 28.43 18.68 15.54 5.48 5.51 6.51 9.79 8.72 8.82 7.70 13.13 
3051 18.48 28.51 20.09 17.49 7.39 7.37 7.62 9.19 9.31 10.97 7.96 12.01 
3052 19.52 33.52 20.79 18.95 8.31 8.27 8.46 11.87 11.90 12.82 8.77 13.24 
3053 19.51 28.19 21.32 20.91 10.12 9.83 9.79 11.12 11.07 12.59 10.45 14.09 
3054 18.82 28.72 20.39 22.07 9.99 9.83 10.40 11.69 13.13 12.23 10.72 14.49 
3055 15.29 8.98 22.71 15.49 8.52 8.86 7.90 10.30 9.92 9.51 7.30 12.56 
3056 18.83 9.82 23.36 15.24 8.18 8.49 7.94 9.94 9.95 10.62 8.09 12.61 
3057 21.81 11.22 26.79 16.37 8.93 9.18 9.12 10.67 11.11 12.41 8.15 11.53 
3058 23.46 14.04 28.61 17.25 9.92 10.14 12.32 12.20 12.29 13.36 10.39 11.85 
3059 - - - - - - - - - - - - 
3060 21.54 11.16 17.98 16.29 14.14 14.10 14.46 11.32 7.91 7.87 8.48 8.39 
3061 21.26 12.43 21.12 17.49 12.80 12.76 13.18 9.36 7.05 7.52 8.04 8.71 
3062 20.66 12.38 17.74 20.86 14.18 11.15 11.68 7.64 7.25 7.91 12.71 10.97 
3063 23.53 14.44 18.57 20.66 13.80 11.33 14.15 8.42 9.89 9.43 12.20 11.36 
3064 22.76 14.59 19.44 21.18 15.42 13.06 13.18 9.36 9.60 8.80 11.11 11.86 

             

Mean 17.61 23.05 22.43 19.84 12.18 12.19 12.03 13.04 11.96 12.01 11.19 13.36 
Min. 6.17 8.98 13.40 15.24 5.48 5.51 5.62 6.74 7.05 7.52 6.54 8.39 
Max. 27.19 42.23 51.44 30.08 18.53 19.94 18.89 28.59 22.03 24.02 17.88 18.49 
σ 5.07 9.56 8.82 3.80 3.19 3.60 3.54 5.50 3.86 3.64 3.10 2.44 
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Table F.38: Correlation coefficients (R2) for the validation of the twelve measures compared between the linear regular 
waves from the numerical simulations and the physical modelling tests for Series B and Orifice diameter 44 mm. Data 
from the model considering Equation (7.5) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             4425 0.847 0.852 0.655 0.923 0.943 0.941 0.937 0.232 0.925 0.916 0.939 0.930 
4426 0.717 0.897 0.722 0.922 0.949 0.951 0.952 0.712 0.669 0.685 0.910 0.953 
4427 0.785 0.864 0.578 0.883 0.886 0.940 0.936 0.592 0.869 0.880 0.917 0.956 
4428  -  -  -  -  -  -  -  -  -  -  -  - 
4429  -  -  -  -  -  -  -  -  -  -  -  - 
4430 0.920 0.788 0.927 0.897 0.936 0.940 0.938 0.869 0.839 0.868 0.933 0.903 
4431 0.907 0.611 0.894 0.743 0.872 0.878 0.870 0.831 0.799 0.817 0.849 0.818 
4432 0.908 0.624 0.722 0.851 0.903 0.908 0.909 0.838 0.774 0.847 0.877 0.888 
4433 0.864 0.541 0.815 0.813 0.884 0.891 0.886 0.819 0.742 0.762 0.843 0.777 
4434  -  -  -  -  -  -  -  -  -  -  -  - 
4435 0.916 0.881 0.878 0.816 0.890 0.889 0.954 0.920 0.958 0.946 0.910 0.945 
4436 0.944 0.868 0.796 0.714 0.856 0.857 0.854 0.896 0.954 0.936 0.880 0.940 
4437 0.815 0.798 0.025 0.618 0.933 0.866 0.932 0.885 0.942 0.935 0.880 0.924 
4438 0.619 0.745 0.715 0.646 0.882 0.882 0.929 0.874 0.872 0.858 0.875 0.905 
4439  -  -  -  -  -  -  -  -  -  -  -  - 
4440 0.909 0.894 0.947 0.931 0.928 0.976 0.977 0.970 0.937 0.930 0.954 0.899 
4441 0.968 0.829 0.900 0.946 0.961 0.962 0.961 0.950 0.950 0.954 0.963 0.943 
4442 0.969 0.809 0.872 0.950 0.883 0.953 0.954 0.941 0.947 0.950 0.953 0.929 
4443 0.381 0.718 0.758 0.918 0.843 0.928 0.927 0.933 0.941 0.948 0.929 0.878 
4444  -  -  -  -  -  -  -  -  -  -  -  - 
4445 0.799 0.886 0.893 0.899 0.883 0.883 0.881 0.924 0.949 0.947 0.882 0.889 
4446 0.764 0.871 0.848 0.879 0.843 0.871 0.867 0.898 0.865 0.864 0.869 0.873 
4447 0.707 0.817 0.796 0.847 0.846 0.842 0.844 0.874 0.847 0.836 0.852 0.856 
4448  -  -  -  -  -  -  -  -  -  -  -  - 
4449  -  -  -  -  -  -  -  -  -  -  -  - 
4450 0.657 0.858 0.789 0.918 0.931 0.958 0.953 0.943 0.920 0.922 0.904 0.931 
4451 0.710 0.817 0.748 0.893 0.919 0.946 0.940 0.927 0.909 0.912 0.894 0.919 
4452 0.592 0.779 0.700 0.875 0.913 0.931 0.921 0.886 0.900 0.904 0.892 0.859 
4453 0.642 0.574 0.623 0.856 0.915 0.927 0.915 0.902 0.911 0.896 0.877 0.901 
4454 0.657 0.743 0.630 0.812 0.921 0.921 0.918 0.896 0.878 0.881 0.854 0.882 
4455 0.886 0.951 0.791 0.931 0.953 0.952 0.950 0.933 0.937 0.936 0.965 0.955 
4456 0.851 0.932 0.732 0.895 0.942 0.940 0.939 0.920 0.922 0.917 0.952 0.910 
4457 0.801 0.898 0.538 0.866 0.912 0.908 0.904 0.915 0.891 0.886 0.938 0.930 
4458 0.771 0.850 0.476 0.782 0.909 0.906 0.901 0.883 0.856 0.872 0.912 0.906 
4459  -  -  -  -  -  -  -  -  -  -  -  - 
4460 0.675 0.911 0.830 0.737 0.872 0.869 0.869 0.932 0.933 0.932 0.940 0.976 
4461 0.550 0.895 0.811 0.729 0.869 0.867 0.866 0.928 0.957 0.961 0.934 0.972 
4462 0.574 0.845 0.802 0.703 0.844 0.900 0.897 0.964 0.947 0.951 0.908 0.961 
4463 0.566 0.806 0.771 0.723 0.856 0.857 0.855 0.955 0.949 0.952 0.875 0.940 
4464  -  -  -  -  -  -  -  -  -  -  -  - 

             

Mean 0.764 0.811 0.741 0.836 0.899 0.911 0.914 0.869 0.893 0.897 0.905 0.911 
Min. 0.381 0.541 0.025 0.618 0.843 0.842 0.844 0.232 0.669 0.685 0.843 0.777 
Max. 0.969 0.951 0.947 0.950 0.961 0.976 0.977 0.970 0.958 0.961 0.965 0.976 
σ 0.144 0.102 0.172 0.091 0.035 0.036 0.036 0.138 0.068 0.060 0.035 0.043 
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Table F.39: Normalized Root Mean Square Error (NRMSE) for the validation of the twelve measures compared 
between the linear regular waves from the numerical simulations and the physical modelling tests for Series B and 
Orifice diameter 44 mm (note that results are expressed in %). Data from the model considering Equation (7.5) for the 
mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             4425 13.74 19.39 22.42 19.02 16.92 18.48 16.82 27.68 10.44 11.03 16.45 13.20 
4426 16.75 18.92 20.62 19.75 17.07 18.41 17.34 19.23 18.81 17.84 16.59 12.41 
4427 14.08 18.08 21.79 21.85 18.84 19.73 18.93 21.86 13.13 12.14 17.59 13.52 
4428 - - - - - - - - - - - - 
4429 - - - - - - - - - - - - 
4430 16.51 28.52 14.07 24.65 12.16 13.73 13.19 15.23 13.27 12.67 12.41 14.86 
4431 13.84 33.02 15.71 24.49 14.27 15.39 14.85 15.28 13.85 13.85 13.88 17.23 
4432 11.66 30.26 19.60 20.85 13.55 15.49 15.14 16.29 15.31 13.01 13.95 15.24 
4433 11.44 29.54 18.20 18.78 15.18 16.43 16.29 16.53 16.41 16.47 15.15 18.16 
4434 - - - - - - - - - - - - 
4435 25.35 21.65 39.58 13.23 11.46 12.51 8.48 10.97 7.54 6.94 10.47 9.20 
4436 21.95 21.72 38.31 16.61 12.94 14.01 13.49 12.34 7.35 7.45 11.71 9.17 
4437 23.42 22.73 59.89 18.46 10.15 13.86 10.53 13.05 7.84 7.53 11.91 10.37 
4438 26.94 23.79 34.21 17.84 12.45 13.69 11.41 13.61 12.22 11.49 12.25 11.71 
4439 - - - - - - - - - - - - 
4440 11.23 13.03 12.94 17.18 9.06 5.83 5.35 6.27 8.72 8.97 6.73 11.20 
4441 6.24 15.72 14.37 16.86 6.96 7.14 6.83 7.98 7.51 7.17 6.73 10.25 
4442 6.26 16.61 14.99 16.96 11.57 8.11 7.61 8.88 7.44 7.52 7.43 11.15 
4443 29.09 19.00 18.64 17.26 13.59 10.29 9.74 9.80 7.85 7.65 9.18 12.56 
4444 - - - - - - - - - - - - 
4445 18.53 22.29 12.85 19.97 11.81 11.76 11.74 10.21 7.93 8.14 10.46 12.22 
4446 19.04 23.54 13.88 19.98 13.50 12.09 12.37 11.13 12.32 12.61 10.73 12.76 
4447 19.67 23.32 15.34 20.31 13.13 13.52 13.65 11.92 13.01 13.94 11.25 13.97 
4448 - - - - - - - - - - - - 
4449 - - - - - - - - - - - - 
4450 22.24 27.60 17.95 15.94 8.69 7.10 7.35 8.63 9.22 9.62 8.88 10.36 
4451 19.15 26.60 18.35 17.14 9.23 8.06 8.09 9.72 9.83 10.32 9.54 11.15 
4452 22.59 27.48 19.15 18.51 9.67 9.48 9.43 11.89 10.49 11.17 10.30 13.37 
4453 20.26 31.39 20.33 19.39 9.58 9.79 9.90 11.57 10.09 11.47 11.08 12.08 
4454 19.22 25.99 19.59 20.83 9.24 10.23 9.66 11.95 11.75 12.06 12.11 13.67 
4455 15.22 7.88 21.02 15.33 8.48 9.05 8.06 10.54 9.86 9.69 7.45 8.67 
4456 18.23 10.03 21.60 15.30 8.62 8.91 8.62 10.47 9.80 10.23 7.09 10.68 
4457 21.52 12.02 24.54 15.37 10.36 10.53 10.99 10.38 11.20 11.81 7.59 10.04 
4458 22.35 14.35 25.71 17.01 10.20 10.29 10.54 11.88 12.96 12.38 8.70 10.54 
4459 - - - - - - - - - - - - 
4460 20.00 10.08 17.21 17.81 12.71 12.51 12.95 9.35 9.28 9.34 7.29 6.03 
4461 23.86 10.72 17.45 18.05 12.82 12.39 12.99 9.64 7.10 7.18 7.83 6.59 
4462 22.52 12.74 17.32 18.47 13.89 10.63 11.28 7.07 7.69 7.60 9.14 7.60 
4463 22.57 13.96 18.25 17.37 12.78 12.51 12.99 7.99 7.63 7.33 10.39 9.05 
4464 - - - - - - - - - - - - 

             

Mean 18.56 20.39 21.48 18.41 11.96 12.00 11.50 12.24 10.58 10.54 10.72 11.58 
Min. 6.24 7.88 12.85 13.23 6.96 5.83 5.35 6.27 7.10 6.94 6.73 6.03 
Max. 29.09 33.02 59.89 24.65 18.84 19.73 18.93 27.68 18.81 17.84 17.59 18.16 
σ 5.45 6.99 9.54 2.47 2.74 3.42 3.27 4.41 2.93 2.78 2.98 2.72 
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Table F.40: Correlation coefficients (R2) for the validation of the twelve measures compared between the linear regular 
waves from the numerical simulations and the physical modelling tests for Series B and Orifice diameter 51 mm. Data 
from the model considering Equation (7.5) for the mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             5125 0.784 0.896 0.103 0.936 0.920 0.968 0.967 0.581 0.938 0.929 0.962 0.917 
5126 0.760 0.818 0.691 0.910 0.939 0.940 0.945 0.501 0.858 0.897 0.903 0.791 
5127 0.786 0.845 0.543 0.845 0.938 0.937 0.934 0.024 0.872 0.889 0.906 0.861 
5128  -  -  -  -  -  -  -  -  -  -  -  - 
5129  -  -  -  -  -  -  -  -  -  -  -  - 
5130 0.935 0.809 0.941 0.858 0.940 0.945 0.944 0.877 0.889 0.913 0.942 0.933 
5131 0.915 0.721 0.852 0.782 0.914 0.916 0.904 0.854 0.820 0.868 0.908 0.875 
5132 0.930 0.735 0.819 0.860 0.910 0.913 0.917 0.827 0.798 0.850 0.910 0.879 
5133 0.918 0.526 0.778 0.763 0.876 0.885 0.899 0.803 0.802 0.812 0.874 0.880 
5134 0.914 0.349 0.881 0.798 0.872 0.880 0.883 0.793 0.674 0.618 0.849 0.834 
5135 0.942 0.864 0.794 0.768 0.855 0.850 0.857 0.899 0.952 0.944 0.865 0.952 
5136 0.947 0.854 0.780 0.760 0.861 0.858 0.952 0.902 0.957 0.933 0.869 0.955 
5137 0.939 0.759 0.809 0.704 0.895 0.894 0.894 0.895 0.803 0.825 0.895 0.939 
5138 0.804 0.726 0.744 0.372 0.939 0.898 0.894 0.882 0.900 0.889 0.890 0.923 
5139  -  -  -  -  -  -  -  -  -  -  -  - 
5140 0.957 0.866 0.941 0.949 0.966 0.968 0.967 0.964 0.971 0.970 0.938 0.880 
5141 0.968 0.848 0.921 0.937 0.900 0.966 0.964 0.955 0.966 0.966 0.935 0.882 
5142 0.977 0.791 0.842 0.940 0.917 0.917 0.917 0.932 0.952 0.942 0.930 0.896 
5143 0.967 0.761 0.864 0.917 0.911 0.910 0.910 0.899 0.933 0.935 0.913 0.871 
5144  -  -  -  -  -  -  -  -  -  -  -  - 
5145 0.779 0.906 0.938 0.919 0.852 0.886 0.884 0.925 0.906 0.908 0.896 0.893 
5146 0.744 0.865 0.896 0.876 0.866 0.864 0.863 0.906 0.888 0.889 0.880 0.871 
5147 0.728 0.861 0.839 0.862 0.822 0.863 0.860 0.893 0.876 0.872 0.845 0.886 
5148  -  -  -  -  -  -  -  -  -  -  -  - 
5149  -  -  -  -  -  -  -  -  -  -  -  - 
5150 0.762 0.878 0.767 0.914 0.967 0.957 0.954 0.935 0.932 0.934 0.918 0.907 
5151 0.695 0.823 0.692 0.908 0.942 0.953 0.946 0.887 0.903 0.910 0.899 0.918 
5152 0.722 0.812 0.664 0.878 0.940 0.936 0.926 0.922 0.900 0.902 0.853 0.922 
5153 0.703 0.830 0.639 0.877 0.870 0.936 0.924 0.914 0.903 0.908 0.854 0.918 
5154 0.702 0.852 0.641 0.841 0.899 0.942 0.932 0.909 0.908 0.908 0.828 0.912 
5155 0.887 0.957 0.851 0.943 0.956 0.931 0.953 0.942 0.936 0.936 0.968 0.909 
5156 0.866 0.941 0.793 0.914 0.947 0.946 0.945 0.935 0.928 0.924 0.963 0.921 
5157 0.822 0.793 0.710 0.844 0.924 0.922 0.920 0.927 0.916 0.919 0.938 0.936 
5158 0.807 0.843 0.518 0.780 0.900 0.898 0.892 0.903 0.898 0.906 0.904 0.942 
5159  -  -  -  -  -  -  -  -  -  -  -  - 
5160 0.692 0.912 0.861 0.752 0.944 0.937 0.938 0.970 0.977 0.976 0.946 0.978 
5161 0.805 0.885 0.823 0.779 0.909 0.946 0.908 0.957 0.981 0.982 0.935 0.971 
5162 0.792 0.897 0.831 0.736 0.865 0.860 0.912 0.970 0.969 0.974 0.912 0.943 
5163 0.760 0.871 0.801 0.659 0.875 0.917 0.913 0.960 0.965 0.964 0.891 0.956 
5164 0.726 0.842 0.764 0.659 0.801 0.874 0.868 0.947 0.955 0.957 0.897 0.954 

             

Mean 0.831 0.816 0.768 0.825 0.904 0.915 0.918 0.860 0.904 0.907 0.904 0.909 
Min. 0.692 0.349 0.103 0.372 0.801 0.850 0.857 0.024 0.674 0.618 0.828 0.791 
Max. 0.977 0.957 0.941 0.949 0.967 0.968 0.967 0.970 0.981 0.982 0.968 0.978 
σ 0.095 0.114 0.157 0.115 0.040 0.034 0.031 0.177 0.065 0.065 0.035 0.040 
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Table F.41: Normalized Root Mean Square Error (NRMSE) for the validation of the twelve measures compared 
between the linear regular waves from the numerical simulations and the physical modelling tests for Series B and 
Orifice diameter 51 mm (note that results are expressed in %). Data from the model considering Equation (7.5) for the 
mass source. 

Test 
No. 

NWG
01 

NWG
02 

NWG
03 

NWG
04 

NWG
06 

NWG
07 

NWG
08 

NWG
09 

NWG
10 

NWG
11 Δp �̇� 

             5125 15.82 18.81 28.78 19.15 17.47 18.04 17.02 20.96 11.06 10.68 16.27 13.84 
5126 15.68 19.57 21.22 20.30 17.56 18.85 18.40 22.36 13.48 12.00 17.63 16.78 
5127 13.99 18.07 21.75 22.36 18.20 19.46 18.80 32.21 13.55 13.62 18.00 16.78 
5128 - - - - - - - - - - - - 
5129 - - - - - - - - - - - - 
5130 14.54 24.28 14.06 19.48 12.48 13.20 12.07 15.28 11.90 10.70 12.10 14.86 
5131 13.15 27.34 17.00 22.48 13.72 14.48 13.76 15.63 14.01 12.53 13.05 16.06 
5132 10.11 24.55 17.99 18.40 13.83 14.94 14.47 16.76 14.11 12.99 13.66 16.24 
5133 8.79 27.93 18.40 21.91 15.61 16.21 15.66 17.35 14.43 13.67 14.94 16.03 
5134 8.63 26.55 17.93 18.55 16.60 17.18 16.98 17.96 17.01 16.67 16.53 17.96 
5135 19.59 20.73 33.80 14.88 12.64 13.39 12.66 12.41 7.89 7.32 11.75 9.44 
5136 19.46 20.93 33.33 15.06 12.28 12.98 8.17 11.96 7.43 7.56 11.56 8.80 
5137 18.04 21.91 32.25 16.46 11.29 11.95 11.36 12.73 14.82 12.61 11.10 10.13 
5138 19.98 23.58 30.83 24.13 10.51 12.42 12.30 13.47 10.99 10.25 11.94 11.31 
5139 - - - - - - - - - - - - 
5140 7.69 14.21 14.03 15.59 6.44 6.51 6.48 6.94 5.66 5.78 7.40 12.63 
5141 6.35 15.66 14.36 16.05 10.87 6.96 6.61 7.76 6.04 6.10 7.98 13.18 
5142 5.48 17.14 17.22 15.96 10.13 10.24 10.11 9.76 7.21 8.18 8.38 11.75 
5143 7.07 17.78 15.62 16.48 10.95 10.95 10.58 11.37 8.61 8.66 9.52 13.45 
5144 - - - - - - - - - - - - 
5145 18.51 20.68 9.93 18.91 13.40 11.65 11.70 9.99 10.57 10.31 8.94 11.42 
5146 18.93 21.98 11.52 19.02 12.56 12.63 12.91 10.58 11.28 11.32 9.66 12.79 
5147 18.83 20.65 13.84 19.53 14.26 12.52 12.92 10.76 11.54 12.15 10.70 12.05 
5148 - - - - - - - - - - - - 
5149 - - - - - - - - - - - - 
5150 17.74 26.06 18.44 16.34 6.27 7.26 7.40 8.85 9.26 9.14 8.96 11.58 
5151 19.87 25.55 19.35 16.88 8.02 7.47 7.55 11.54 10.29 10.02 9.34 11.26 
5152 18.08 24.59 19.52 18.29 8.33 8.76 9.00 9.75 10.39 10.05 11.05 10.71 
5153 18.20 23.65 19.88 19.41 11.87 9.21 9.26 10.44 10.62 10.47 11.42 11.29 
5154 17.99 22.37 19.50 20.24 10.88 9.32 8.86 11.25 10.74 10.76 12.22 11.81 
5155 14.24 8.18 19.85 15.70 8.33 9.53 7.33 9.15 9.37 9.30 5.84 10.56 
5156 16.72 9.94 20.40 15.49 8.01 7.94 8.11 8.75 9.44 9.75 5.64 9.55 
5157 19.93 17.72 22.25 16.70 9.33 9.22 10.17 9.20 9.91 9.92 6.93 9.35 
5158 19.87 15.02 25.23 18.08 10.55 10.59 11.37 10.73 10.62 10.45 8.66 8.80 
5159 - - - - - - - - - - - - 
5160 18.78 11.28 18.53 19.92 8.95 9.35 10.03 7.28 5.43 5.68 7.84 5.71 
5161 15.16 12.04 18.60 18.13 10.93 8.71 11.63 8.08 4.82 4.79 8.31 6.30 
5162 15.52 10.90 17.76 18.77 12.97 13.27 11.31 7.19 5.90 5.73 9.24 8.20 
5163 16.76 11.71 18.20 20.37 11.87 9.82 10.52 8.00 6.04 6.20 9.71 7.70 
5164 18.08 12.59 19.58 19.93 14.97 12.13 12.50 9.46 7.13 6.84 9.89 8.29 

             

Mean 15.38 19.21 20.03 18.45 11.88 11.73 11.45 12.30 10.05 9.76 10.79 11.72 
Min. 5.48 8.18 9.93 14.88 6.27 6.51 6.48 6.94 4.82 4.79 5.64 5.71 
Max. 19.98 27.93 33.80 24.13 18.20 19.46 18.80 32.21 17.01 16.67 18.00 17.96 
σ 4.41 5.49 5.84 2.29 3.06 3.42 3.24 5.20 3.05 2.72 3.14 3.08 
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F.4. Additional simulations 

 
Table F.42: Mean and maximum pneumatic power (Pm and Pmax) for the numerical simulations covering the wave 
conditions in Series A from the experimental campaign and the three orifice diameters: 30 mm, 44 mm and 51 mm; 
dimensions are at model scale. 

Test number 
Ø30 mm Ø44 mm Ø51 mm 

𝑷𝒎 [W] 𝑷𝒎𝒂𝒙 [W] 𝑷𝒎 [W] 𝑷𝒎𝒂𝒙 [W] 𝑷𝒎 [W] 𝑷𝒎𝒂𝒙 [W] 

       x01 0.022 0.125 0.025 0.142 0.024 0.135 
x02 0.054 0.314 0.072 0.400 0.069 0.379 
x03 0.101 0.585 0.139 0.777 0.136 0.750 
x04 0.053 0.251 0.058 0.268 0.047 0.218 
x05 0.119 0.557 0.150 0.676 0.131 0.595 
x06 0.206 0.975 0.281 1.281 0.255 1.150 
x07 0.065 0.316 0.062 0.312 0.049 0.248 
x08 0.167 0.754 0.185 0.872 0.161 0.771 
x09 0.309 1.334 0.383 1.714 0.350 1.609 
x10 0.073 0.279 0.053 0.220 0.037 0.161 
x11 0.190 0.696 0.172 0.699 0.138 0.598 
x12 0.360 1.244 0.370 1.472 0.334 1.373 
x13 0.093 0.394 0.054 0.252 0.037 0.177 
x14 0.248 0.990 0.196 0.913 0.145 0.703 
x15 0.454 1.874 0.428 2.149 0.336 1.830 
x16 0.063 0.215 0.029 0.128 0.018 0.078 
x17 0.177 0.615 0.119 0.516 0.075 0.337 
x18 0.338 1.086 0.281 1.161 0.193 0.848 
x19 0.061 0.247 0.026 0.133 0.015 0.087 
x20 0.174 0.687 0.098 0.563 0.063 0.409 
x21 0.348 1.275 0.245 1.375 0.172 1.111 
x22 0.041 0.187 0.015 0.088 0.008 0.054 
x23 0.137 0.505 0.065 0.323 0.039 0.221 
x24 0.291 0.957 0.177 0.789 0.114 0.580 

       

Mean 0.173 0.686 0.173 0.686 0.173 0.686 
Min. 0.022 0.125 0.022 0.125 0.022 0.125 
Max. 0.454 1.874 0.454 1.874 0.454 1.874 
σ 0.122 0.450 0.122 0.450 0.122 0.450 
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Table F.43: Mean and maximum pneumatic power (Pm and Pmax) for the numerical simulations covering the wave 
conditions in Series A from the experimental campaign and the three orifice diameters: 30 mm, 44 mm and 51 mm; 
dimensions are at model scale. 

Test number 
Ø30 mm Ø44 mm Ø51 mm 

𝑷𝒎 [W] 𝑷𝒎𝒂𝒙 [W] 𝑷𝒎 [W] 𝑷𝒎𝒂𝒙 [W] 𝑷𝒎 [W] 𝑷𝒎𝒂𝒙 [W] 

       x25 0.151 0.890 0.208 1.160 0.214 1.171 
x26 0.200 1.271 0.272 1.686 0.291 1.732 
x27 0.246 1.832 0.332 2.432 0.361 2.551 
x28 - - - - - - 
x29 - - - - - - 
x30 0.300 1.519 0.393 1.890 0.403 1.910 
x31 0.393 2.050 0.576 2.871 0.558 2.702 
x32 0.475 2.618 0.663 3.445 0.687 3.539 
x33 0.550 3.222 0.785 4.228 0.828 4.382 
x34 0.524 3.193 - - 0.897 5.075 
x35 0.423 1.895 0.582 2.788 0.810 4.254 
x36 0.557 2.674 0.792 4.037 0.816 4.279 
x37 0.557 2.674 1.035 5.529 1.076 5.961 
x38 0.843 4.414 1.239 6.809 1.279 7.249 
x39 - - - - - - 
x40 0.494 1.713 0.638 2.450 0.576 2.285 
x41 0.657 2.274 0.893 3.499 0.831 3.404 
x42 0.920 3.076 1.183 4.822 1.115 4.845 
x43 1.098 3.972 1.445 6.470 1.368 6.426 
x44 - - - - - - 
x45 0.674 2.723 0.700 3.529 0.619 3.430 
x46 0.932 3.527 1.053 5.135 0.956 5.110 
x47 1.244 4.243 1.484 6.654 1.366 6.809 
x48 - - - - - - 
x49 - - - - - - 
x50 0.348 1.092 0.471 1.864 0.345 1.543 
x51 0.705 2.123 0.685 2.774 0.533 2.473 
x52 0.868 2.712 0.944 3.876 0.765 3.655 
x53 1.094 3.555 1.192 5.026 0.974 4.842 
x54 1.280 4.287 1.466 6.630 1.220 6.284 
x55 0.550 1.891 0.458 2.471 0.369 2.343 
x56 0.822 2.617 0.777 4.045 0.661 4.022 
x57 1.115 3.796 1.165 5.881 1.045 6.308 
x58 1.389 5.268 1.545 9.169 1.424 10.062 
x59 - - - - - - 
x60 0.477 1.483 0.323 1.368 0.229 1.104 
x61 0.682 2.197 0.526 2.072 0.377 1.754 
x62 0.909 3.187 0.776 3.301 0.559 2.521 
x63 1.082 3.777 0.983 4.264 0.746 3.400 
x64 1.234 4.364 - - 0.911 4.343 

       

Mean 0.721 2.792 0.825 3.941 0.804 4.246 
Min. 0.151 0.890 0.208 1.160 0.214 1.104 
Max. 1.389 5.268 1.545 9.169 1.424 10.062 
σ 0.340 1.093 0.382 1.909 0.348 2.031 
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Table F.44: Incident wave height (Hiw) and Capture Width Ratio (CWR) for the numerical simulations covering the 
wave conditions in Series A from the experimental campaign and the three orifice diameters: 30 mm, 44 mm and 
51 mm; dimensions are at model scale. 

Test number 
Ø30 mm Ø44 mm Ø51 mm 

Hiw [m] CWR [%] Hiw [m] CWR [%] Hiw [m] CWR [%] 

       x01 0.011 20.77 0.011 24.01 0.012 19.71 
x02 0.018 20.69 0.020 22.97 0.019 23.45 
x03 0.027 16.90 0.028 22.69 0.027 22.92 
x04 0.024 9.80 0.023 11.51 0.019 13.88 
x05 0.033 11.27 0.038 10.79 0.031 14.04 
x06 0.051 8.27 0.051 11.38 0.044 13.87 
x07 0.022 12.17 0.023 10.97 0.024 7.68 
x08 0.039 9.82 0.038 11.86 0.038 10.41 
x09 0.057 8.55 0.055 11.55 0.053 11.40 
x10 0.022 12.74 0.020 10.66 0.020 7.49 
x11 0.037 11.42 0.034 12.43 0.036 8.96 
x12 0.057 9.32 0.052 11.51 0.055 9.28 
x13 0.026 10.74 0.024 6.92 0.025 4.56 
x14 0.045 9.33 0.043 8.00 0.044 5.69 
x15 0.065 8.18 0.062 8.52 0.061 7.00 
x16 0.020 11.37 0.021 4.90 0.021 3.08 
x17 0.035 10.67 0.036 6.55 0.035 4.48 
x18 0.050 9.81 0.052 7.55 0.051 5.31 
x19 0.020 10.59 0.020 4.49 0.022 2.28 
x20 0.034 10.43 0.034 5.92 0.034 3.86 
x21 0.048 10.64 0.049 7.26 0.050 4.81 
x22 0.018 8.79 0.018 3.20 0.018 1.85 
x23 0.028 11.85 0.029 5.19 0.029 3.18 
x24 0.042 10.89 0.043 6.38 0.044 4.03 

       

Mean  3.442  11.46  11.46 
Min.  2.687  8.18  8.18 
Max.  3.82  20.77  20.77 
σ  0.355  3.37  3.37 
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Table F.45: Incident wave height (Hiw) and Capture Width Ratio (CWR) for the numerical simulations covering the 
wave conditions in Series A from the experimental campaign and the three orifice diameters: 30 mm, 44 mm and 
51 mm; dimensions are at model scale. 

Test number 
Ø30 mm Ø44 mm Ø51 mm 

Hiw [m] CWR [%] Hiw [m] CWR [%] Hiw [m] CWR [%] 

       x25 0.037 13.45 0.036 20.29 0.044 13.92 
x26 0.049 10.28 0.043 18.49 0.047 15.97 
x27 0.056 9.63 0.052 15.08 0.062 11.72 
x28 - - - - - - 
x29 - - - - - - 
x30 0.064 7.57 0.061 11.09 0.061 11.34 
x31 0.070 8.35 0.071 11.91 0.061 15.41 
x32 0.049 20.28 0.068 14.69 0.070 14.45 
x33 0.073 10.71 0.078 13.38 0.068 18.32 
x34 0.075 9.61 - - 0.072 17.91 
x35 0.067 8.51 0.077 8.84 0.092 8.76 
x36 0.080 7.99 0.084 10.32 0.092 8.75 
x37 0.080 7.99 0.092 11.08 0.099 9.97 
x38 0.107 6.71 0.114 8.76 0.113 9.17 
x39 - - - - - - 
x40 0.070 8.27 0.068 11.37 0.070 9.60 
x41 0.083 7.90 0.083 10.63 0.083 9.96 
x42 0.100 7.60 0.097 10.44 0.099 9.42 
x43 0.115 6.93 0.114 9.24 0.106 10.11 
x44 - - - - - - 
x45 0.083 7.46 0.081 8.15 0.082 7.14 
x46 0.102 6.91 0.094 9.12 0.103 6.94 
x47 0.122 6.46 0.119 8.13 0.119 7.46 
x48 - - - - - - 
x49 - - - - - - 
x50 0.051 9.78 0.065 8.06 0.064 6.06 
x51 0.075 9.09 0.077 8.46 0.077 6.59 
x52 0.088 8.10 0.091 8.36 0.089 7.06 
x53 0.098 8.26 0.102 8.43 0.100 7.16 
x54 0.111 7.57 0.112 8.51 0.109 7.46 
x55 0.062 9.98 0.062 8.33 0.064 6.39 
x56 0.073 10.89 0.076 9.30 0.078 7.56 
x57 0.090 9.60 0.090 10.12 0.102 7.04 
x58 0.101 9.50 0.105 9.86 0.109 8.31 
x59 - - - - - - 
x60 0.059 9.22 0.061 5.93 0.061 4.11 
x61 0.075 8.25 0.076 6.18 0.075 4.48 
x62 0.088 7.91 0.090 6.44 0.087 5.03 
x63 0.099 7.52 0.100 6.62 0.098 5.26 
x64 0.106 7.49 - - 0.105 5.58 

       

Mean  8.963  10.18  6.65 
Min.  6.461  5.93  4.11 
Max.  20.28  20.29  18.32 
σ  2.493  3.31  3.78 
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Table F.46: Mean and maximum pneumatic power (Pm and Pmax), incident wave height (Hiw) and Capture Width Ratio 
(CWR) for the numerical simulations with the extended domain covering the wave conditions in Series A from the 
experimental campaign and the intermedium orifice diameter: 44 mm; dimensions are at model scale. 

Test number 𝑷𝒎 [W] 𝑷𝒎𝒂𝒙 [W] Hiw [m] CWR [%] 

     4401 0.021 0.117 0.011 23.19 
4402 0.057 0.312 0.021 15.71 
4403 0.105 0.562 0.030 14.22 
4404 0.054 0.243 0.017 19.78 
4405 0.133 0.597 0.029 16.85 
4406 0.244 1.098 0.041 14.82 
4407 0.056 0.274 0.021 11.16 
4408 0.167 0.764 0.034 12.93 
4409 0.339 1.498 0.051 11.99 
4410 0.043 0.196 0.020 8.97 
4411 0.135 0.620 0.033 10.46 
4412 0.289 1.301 0.047 10.75 
4413 0.049 0.221 0.024 6.42 
4414 0.174 0.770 0.042 7.70 
4415 0.360 1.786 0.060 7.83 
4416 0.027 0.115 0.021 4.45 
4417 0.106 0.471 0.036 5.84 
4418 0.265 1.119 0.053 6.99 
4419 0.025 0.125 0.021 4.04 
4420 0.095 0.526 0.036 5.20 
4421 0.232 1.290 0.049 6.76 
4422 0.014 0.082 0.019 2.66 
4423 0.059 0.303 0.029 4.75 
4424 0.161 0.742 0.045 5.48 

     

Mean 0.134 0.631  9.96 
Min. 0.014 0.082  2.66 
Max. 0.360 1.786  23.19 
σ 0.105 0.487  5.34 
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Table F.47: Mean and maximum pneumatic power (Pm and Pmax), incident wave height (Hiw) and Capture Width Ratio 
(CWR) for the numerical simulations with the extended domain covering the wave conditions in Series B from the 
experimental campaign and the intermedium orifice diameter: 44 mm; dimensions are at model scale. 

Test number 𝑷𝒎 [W] 𝑷𝒎𝒂𝒙 [W] Hiw [m] CWR [%] 

     4425 0.154 0.836 0.038 12.85 
4426 0.205 1.191 0.038 17.27 
4427 0.252 1.703 0.065 7.45 
4428 - - - - 
4429 - - - - 
4430 0.337 1.567 0.052 12.72 
4431 0.487 2.395 0.063 12.57 
4432 0.559 2.832 0.063 14.74 
4433 0.660 3.507 0.069 14.36 
4434 - - - - 
4435 0.511 2.435 0.068 10.17 
4436 0.686 3.513 0.077 10.69 
4437 0.888 4.800 0.070 16.57 
4438 1.067 5.977 0.101 9.61 
4439 - - - - 
4440 0.504 2.127 0.064 10.34 
4441 0.704 3.006 0.077 9.82 
4442 0.916 3.949 0.089 9.55 
4443 1.099 4.982 0.104 8.34 
4444 - - - - 
4445 0.585 2.867 0.076 7.83 
4446 0.909 3.982 0.090 8.63 
4447 1.306 4.928 0.113 7.86 
4448 - - - - 
4449 - - - - 
4450 0.459 1.880 0.066 7.69 
4451 0.674 2.727 0.078 8.17 
4452 0.896 3.691 0.088 8.41 
4453 1.147 4.524 0.103 7.96 
4454 1.393 5.830 0.112 8.13 
4455 0.424 2.318 0.062 7.83 
4456 0.728 3.633 0.074 9.21 
4457 1.104 5.152 0.092 9.14 
4458 1.441 6.339 0.108 8.58 
4459 - - - - 
4460 0.296 1.265 0.062 5.24 
4461 0.481 1.945 0.079 5.18 
4462 0.692 2.722 0.093 5.46 
4463 0.882 3.505 0.103 5.60 
4464 - - - - 

     

Mean 0.724 3.295  9.61 
Min. 0.154 0.836  5.18 
Max. 1.441 6.339  17.27 
σ 0.347 1.482  3.11 
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Table F.48: Reflection, transmission and absorption coefficients (KR, KT and KA) obtained from the incident and 
reflected wave analysis for the numerical simulations with the extended domain covering the wave conditions in Series 
A from the experimental campaign and the intermedium orifice diameter: 44 mm; dimensions are at model scale. 

Test 
number 

Standard boundary width Extended boundary width 

KR [W] KT [W] KA [W] KR [W] KT [W] KA [W] 

       4401 0.632 0.157 0.759 0.717 0.349 0.603 
4402 0.733 0.156 0.662 0.559 0.333 0.759 
4403 0.842 0.162 0.514 0.625 0.306 0.719 
4404 0.137 0.169 0.976 0.411 0.361 0.837 
4405 0.143 0.155 0.978 0.378 0.344 0.860 
4406 0.187 0.156 0.970 0.361 0.334 0.871 
4407 0.237 0.238 0.942 0.115 0.342 0.933 
4408 0.312 0.216 0.925 0.139 0.341 0.930 
4409 0.336 0.201 0.920 0.131 0.327 0.936 
4410 0.212 0.282 0.936 0.241 0.392 0.888 
4411 0.203 0.267 0.942 0.263 0.389 0.883 
4412 0.136 0.242 0.961 0.275 0.383 0.882 
4413 0.141 0.291 0.946 0.143 0.366 0.920 
4414 0.163 0.254 0.953 0.143 0.349 0.926 
4415 0.175 0.233 0.957 0.132 0.350 0.927 
4416 0.359 0.302 0.883 0.242 0.381 0.892 
4417 0.302 0.284 0.910 0.228 0.385 0.894 
4418 0.367 0.287 0.885 0.218 0.392 0.894 
4419 0.346 0.379 0.858 0.313 0.424 0.850 
4420 0.301 0.347 0.888 0.108 0.388 0.915 
4421 0.321 0.322 0.891 0.284 0.388 0.877 
4422 0.248 0.358 0.900 0.157 0.373 0.915 
4423 0.214 0.326 0.921 0.224 0.382 0.896 
4424 0.236 0.314 0.920 0.215 0.382 0.899 

       

Mean 0.303 0.254 0.891 0.276 0.365 0.871 
Min. 0.136 0.155 0.514 0.108 0.306 0.603 
Max. 0.842 0.379 0.978 0.717 0.424 0.936 
σ 0.185 0.070 0.107 0.163 0.027 0.077 
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Table F.49: Reflection, transmission and absorption coefficients (KR, KT and KA) obtained from the incident and 
reflected wave analysis for the numerical simulations with the extended domain covering the wave conditions in Series 
B from the experimental campaign and the intermedium orifice diameter: 44 mm; dimensions are at model scale. 

Test 
number 

Standard boundary width Extended boundary width 

KR [W] KT [W] KA [W] KR [W] KT [W] KA [W] 

       4425 0.735 0.149 0.661 0.619 0.332 0.712 
4426 0.757 0.149 0.636 1.022 0.427 0.000 
4427 0.703 0.148 0.696 0.433 0.312 0.846 
4428 - - - - - - 
4429 - - - - - - 
4430 0.232 0.155 0.960 0.327 0.323 0.888 
4431 0.345 0.164 0.924 0.420 0.344 0.840 
4432 0.638 0.189 0.746 0.599 0.386 0.701 
4433 0.653 0.188 0.733 0.693 0.405 0.597 
4434 - - - - - - 
4435 0.330 0.174 0.928 0.138 0.307 0.942 
4436 0.350 0.184 0.918 0.137 0.320 0.938 
4437 0.420 0.196 0.886 0.462 0.407 0.788 
4438 0.382 0.178 0.907 0.109 0.319 0.942 
4439 - - - - - - 
4440 0.119 0.232 0.965 0.191 0.363 0.912 
4441 0.115 0.219 0.969 0.180 0.356 0.917 
4442 0.164 0.214 0.963 0.180 0.358 0.916 
4443 0.232 0.205 0.951 0.140 0.340 0.930 
4444 - - - - - - 
4445 0.220 0.219 0.951 0.125 0.352 0.928 
4446 0.280 0.224 0.933 0.151 0.366 0.918 
4447 0.292 0.210 0.933 0.135 0.344 0.929 
4448 - - - - - - 
4449 - - - - - - 
4450 0.355 0.281 0.892 0.182 0.382 0.906 
4451 0.367 0.282 0.886 0.178 0.384 0.906 
4452 0.296 0.265 0.918 0.180 0.390 0.903 
4453 0.313 0.259 0.914 0.121 0.383 0.916 
4454 0.347 0.256 0.902 0.136 0.383 0.914 
4455 0.265 0.298 0.917 0.218 0.386 0.897 
4456 0.272 0.283 0.920 0.284 0.392 0.875 
4457 0.440 0.282 0.853 0.170 0.386 0.907 
4458 0.433 0.267 0.861 0.104 0.372 0.923 
4459 - - - - - - 
4460 0.195 0.283 0.939 0.124 0.360 0.925 
4461 0.195 0.274 0.942 0.103 0.344 0.933 
4462 0.229 0.264 0.937 0.097 0.348 0.933 
4463 0.235 0.261 0.936 0.118 0.347 0.930 
4464 - - - - - - 

       

Mean 0.352 0.224 0.886 0.261 0.362 0.855 
Min. 0.115 0.148 0.636 0.097 0.307 0.000 
Max. 0.757 0.298 0.969 1.022 0.427 0.942 
σ 0.176 0.048 0.091 0.218 0.030 0.178 
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Table F.50: Response Amplitude Operator (RAO) for the free surface oscillation inside the OWC chamber (RAOC) 
and the differential pneumatic pressure between inside and outside the OWC chamber (RAOP), for the numerical 
simulations with the extended domain covering the wave conditions in Series A from the experimental campaign and 
the intermedium orifice diameter: 44 mm; dimensions are at model scale. 

Test number 
Standard boundary width Extended boundary width 

RAOC [-] RAOP [-] RAOC [-] RAOP [-] 

     4401 0.746 0.481 1.300 0.311 
4402 0.653 0.549 0.920 0.295 
4403 0.546 0.544 0.791 0.308 
4404 0.539 0.404 1.258 0.358 
4405 0.508 0.490 1.002 0.379 
4406 0.403 0.453 0.858 0.388 
4407 0.680 0.487 1.106 0.281 
4408 0.530 0.492 0.987 0.349 
4409 0.454 0.499 0.854 0.380 
4410 0.779 0.514 1.182 0.250 
4411 0.639 0.554 1.067 0.321 
4412 0.538 0.544 0.957 0.363 
4413 0.797 0.495 1.112 0.214 
4414 0.648 0.530 0.998 0.289 
4415 0.565 0.544 0.896 0.331 
4416 0.955 0.482 1.099 0.165 
4417 0.802 0.544 1.016 0.240 
4418 0.707 0.570 0.959 0.303 
4419 1.050 0.473 1.196 0.155 
4420 0.904 0.555 1.107 0.226 
4421 0.825 0.624 1.099 0.301 
4422 1.163 0.411 1.229 0.122 
4423 1.123 0.562 1.276 0.201 
4424 0.962 0.603 1.157 0.263 

     

Mean 0.730 0.517 1.059 0.283 
Min. 0.403 0.404 0.791 0.122 
Max. 1.163 0.624 1.300 0.388 
σ 0.212 0.054 0.142 0.074 
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Table F.51: Response Amplitude Operator (RAO) for the free surface oscillation inside the OWC chamber (RAOC) 
and the differential pneumatic pressure between inside and outside the OWC chamber (RAOP), for the numerical 
simulations with the extended domain covering the wave conditions in Series B from the experimental campaign and 
the intermedium orifice diameter: 44 mm; dimensions are at model scale. 

Test number 
Standard boundary width Extended boundary width 

RAOC [-] RAOP [-] RAOC [-] RAOP [-] 

     4425 0.833 0.421 0.703 0.314 
4426 0.779 0.443 0.790 0.385 
4427 0.701 0.437 0.515 0.276 
4428     
4429     
4430 0.675 0.367 0.755 0.375 
4431 0.658 0.406 0.710 0.396 
4432 0.719 0.468 0.755 0.440 
4433 0.673 0.465 0.738 0.455 
4434     
4435 0.670 0.363 0.738 0.372 
4436 0.692 0.412 0.728 0.399 
4437 0.686 0.448 0.876 0.517 
4438 0.599 0.416 0.653 0.409 
4439     
4440 0.849 0.426 0.855 0.389 
4441 0.781 0.436 0.795 0.400 
4442 0.746 0.457 0.758 0.414 
4443 0.689 0.447 0.700 0.406 
4444     
4445 0.804 0.382 0.833 0.362 
4446 0.811 0.430 0.818 0.403 
4447 0.733 0.430 0.737 0.400 
4448     
4449     
4450 0.930 0.356 0.920 0.344 
4451 0.905 0.392 0.893 0.372 
4452 0.856 0.415 0.868 0.402 
4453 0.845 0.444 0.822 0.409 
4454 0.829 0.466 0.813 0.430 
4455 1.072 0.380 1.063 0.354 
4456 1.042 0.446 1.057 0.417 
4457 1.012 0.512 0.977 0.466 
4458 0.957 0.542 0.903 0.477 
4459     
4460 1.090 0.315 1.035 0.289 
4461 1.035 0.349 0.952 0.304 
4462 0.983 0.383 0.932 0.335 
4463 0.953 0.397 0.896 0.342 
4464     

     

Mean 0.826 0.421 0.825 0.389 
Min. 0.599 0.315 0.515 0.276 
Max. 1.090 0.542 1.063 0.517 
σ 0.140 0.047 0.123 0.054 
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a b s t r a c t

The sustainable development of the offshore wind and wave energy sectors requires optimising the
exploitation of the resources, and it is in relation to this and the shared challenge for both industries to
reduce their costs that the option of integrating offshore wind and wave energy arose during the past
decade. The relevant aspects of this integration are addressed in this work: the synergies between
offshore wind and wave energy, the different options for combining wave and offshore wind energy, and
the technological aspects. Because of the novelty of combined wave and offshore wind systems, a
comprehensive classification was lacking. This is presented in this work based on the degree of
integration between the technologies, and the type of substructure. This classification forms the basis
for the review of the different concepts. This review is complemented with specific sections on the state
of the art of two particularly challenging aspects, namely the substructures and the wave energy
conversion.

& 2014 Elsevier Ltd. All rights reserved.
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Abstract 

In recent years, with the progress of offshore wind technology, the possibility of integrating 

other marine renewables with offshore windmills has arisen. Hybrid, or multiplatform, 

solutions leading to economies in the construction and installation of the devices and a lesser 

occupation of marine space are sought. In particular, this research deals with a hybrid system 

that integrates an Oscillating Water Column (OWC) device into the typical monopile 

foundation of an offshore windmill. A prototype and a model of the hybrid energy converter 

have been proposed. Furthermore, an experimental set-up was designed, built and tested at the 

wave flume of the University of Santiago de Compostela (USC). The Air pressure inside the 

chamber and the air-flux at the orifice are the main parameters that define the OWC 

performance. The first was directly measured and the air-flux was determined by the free 

surface level inside the chamber. Furthermore, the influence of the turbine damping on the 

OWC performance was studied considering different turbine specifications. Finally the proof 

of concept of this new wave energy converter has been successfully carried out. 

1. Introduction

Wave and offshore wind are amongst the renewables with the greatest potential, and both are 

part of marine renewable energies, which  are expected to become an important part of the 

EU’s electricity mix, satisfying 50% of European electricity demand by 2050 (EU-OEA, 2009; 

Jeffrey et al, 2011). Sharing the same hostile sea environment, wave and offshore wind energies 

face similar challenges. Whatever their level of technological development is not the same: 

while offshore wind is a mature technology with 3.8 GW of installed capacity in Europe and 

employing 35,000 people directly and indirectly at the end of 2011 (EWEA, 2012, Moccia et al, 

2011), wave energy is still at an early stage of development. 

A shared challenge for both offshore wind and wave energy industries is to reduce cost, 

and it is in relation to this, and on better use of natural resources that the option to integrate 

different marine renewable energies arises. This paper proposes the first steps on design of a 

hybrid device, and in particular the physical modelling of an offshore OWC converter mounted 

on a windmill monopile foundation.  



 
 

 
 

1.1 Hybrid devices (WEC-OWT)  

The integration of a Wave Energy Converter (WEC) and Offshore Wind Turbines (OWT) can 

be accomplished through hybrid or multiplatform solutions, and the different types of 

wind/wave farms can be listed as follows:  

 
1. Independent bottom-fixed OWTs and WECs. This configuration is based on an actual offshore 

wind farm with the additional deployment of WECs in the free space between turbines, 

sharing common installations, but using different foundation systems; 

2. Bottom-fixed hybrid wind-wave. This second option proposes the design of new hybrid 

systems that shares the same platform, but is based on a bottom-fixed OWT. These 

systems, seem as a  mid-term solution, require a new design or adaptation of existing 

WECs to the already existing OWT solutions, integrating those wave converters on the 

same platform; 

3. Floating hybrid wind-wave. This last option, like the previous one, means a new hybrid 

design with a shared platform with offshore wind, but in this case both technologies are 

floating. These systems, seem as a more long-term solution, as floating OWTs are still at an 

early stage of development. An example of this type can be a floating OWT mounted on a 

large floating WEC. 

 

For the purpose of this paper only the second option is considered, the bottom-fixed 

hybrid wind-wave turbines. Furthermore, considering different WEC technologies and 

substructure foundation systems for OWTs there are four hybrid configurations that are 

outlined as real alternatives:  

 Hybrid OWC-wind. 

1. OWC mounted on a monopile OWT foundation, 

2. OWC mounted on a jacket-frame OWT foundation, 

 Hybrid oscillating body-wind 

1. Oscillating body mounted on a monopile OWT foundation; 

2. Oscillating body mounted on jacket-frame OWT foundation 

 

The main advantages of these hybrid systems include: an increase in the energy yield 

capture ratio of the farm, a reduction of the fixed project costs (as a result of sharing the 

foundation, the installation costs or the grid infrastructure), and a reduction on the Operation 

and Maintenance (O&M) costs. 

 

1.2 The OWC converter  

Oscillating Water Colum (OWC) is amongst the WECs that have been widely studied and 

developed, but it is still based on under the simple concept of a semi-submerged chamber, that 

keeps a trapped air pocket above a column of water. Waves force the column to act like a 

piston, moving up and down, forcing the air out of the chamber and back into it. This 

continuous movement force a bidirectional stream of high-velocity air, which is channelled 

through a turbine-generator group to produce electricity. 

The work of Prof Antonio Falcão in “Wave energy utilization: A review of the 

technologies” (Falcão, 2010) has provided the insight for the bibliographic review on the 

historic development of OWC and its classification. Moreover, this paper tackles a new OWC 

concept based on a nearshore/offshore fixed structure. Figure 1. shows an OWC classification 



based on the one proposed by Prof. Falão with the inclusion on the new concept proposed at 

this paper. 

Figure 1. Oscillating Water Column (OWC) classification. 

The main advantages of the OWC technology are: its simplicity and robustness (essentially 

there are no moving parts other than the air turbine); the Power Take Off (PTO) is simply, well 

known and reliable; and the low maintenance costs. Some representative examples of this 

technology are: GreenWave (Scotland), Wavegebs Limpet (Scotland), Pico Plant (Azores), 

Mutriku (Basque Country), OE Buoy and Oceanix (Australia) (Tzimas et al, 2011). 

2. The hybrid prototype and model

In this paper a hybrid prototype has been characterized and used as reference to develop a 

1:37.5 model and test it on a wave flume. In this section both, prototype and model are 

described. 

2.1 The hybrid prototype 

The design of the hybrid prototype has been proposed based on the OWC mounted on a monopile 

OWT foundation option, which was selected between the four alternatives proposed on section 

1.1. This solution consists on a cylindrical OWC chamber mounted around an offshore wind 

monopile foundation. The chamber is fixed to the pile, bottom open and it can be formed by 

one or more sub-cambers. Moreover, each one of those sub-chambers is connected at the upper 

part to an air turbine. A conceptual representation of the prototype is shown at Figure 2. 

Figure 2. Conceptual representation of the 
prototype. 



 
 

 
 

The combined wind turbine and oscillating water column was considered early in design 

process. So, in the present prototype the foundation system used to support the wind turbine is 

a monopile (as this is most commonly found in the industry today), with a diameter between 5 

and 6 meters, (in line with standard industrial designs for the new offshore 4 MW wind 

turbines). Moreover, the depth of water of this system ranges from 20 to nearly 40 meters 

(Hartvig, 2011).  

The design of the OWC chamber has been outlined proposed by the monopile and water 

depth limitations. Furthermore, an impulse air turbine has been selected as Power Take Off 

(PTO). The main characteristics of the hybrid prototype can be found in Table 1. 

Table 1. Main characteristics of the hybrid prototype. 

 OWC-OWT PROTOTYPE 

  
CHAMBER SHAPE Cylindrical 

PTO Air turbine (impulse) 
CHAMBER DIAMETER 20 – 25 m 

HEIGHT 12 – 20 m 
MONOPILE DIAMETER 5 – 6 m 

WATER DEPTH 20 – 40 m 
MAX WAVE HEIGHT 5 – 8 m 

  
 

2.2 The OWC physical model  

The physical model has been inspired by the prototype proposed in the previous section, and 

taking relevant information from various sources including: (HMRC et al, 2003), (Huges, 1993), 

(Morris-Thomas et al, 2007), (Pereiras et al, 2011), or (Nielsen et al, 2003). The selected 

configuration consists of a semi-cylindrical chamber mounted over a pipe (monopile) and fixed 

to a square base. The model was designed to reduce tank blockage effects (Chakrabarti, 1994)  

by considering aspects like: making it fit on the flume width, facing the plane side of the model 

to the wave front and checking that the pipe radius is less than 1/5th of the width of the flume. 

The final result, as it can be seen in Figure 3, was with a 1:37.5 model built with polyester, PVC, 

methacrylate and stainless steel. The main characteristics of this model can be found in Table 2. 

 

 
Figure 3. Image (left) and breakdown drawing (right) of the model. 



Table 2. Main characteristics of the model. 

OWC-OWT MODEL 

MODELL SCALE 1:37.5 
CHAMBER SHAPE Semi-cylindrical 

CHAMBER MATERIAL Polyester and methacrylate 
PTO Perforated discs 

CHAMBER DIAMETER  645 mm 
HEIGHT 432 mm 

WATER DEPTH 533 mm 

MONOPILE SHAPE Cylindrical 
MONOPILE MATERIAL PVC 
MONOPILE DIAMETER 160 mm 
MONOPILE LENGTH 1,000 mm 

BASE SHAPE Square 
BASE MATERIAL Stainless steel 

BASE LENGTH 645 mm 
BASE WIDTH 3 mm 

The PTO of an OWC system can be either a Wells air turbine or an impulse one. However, 

considering that the purpose of this work is to go through phases I and II on the development 

of a wave energy converter (HMRC et al., 2003), An impulse turbine has been selected as the 

simplest option since it can be simulated using just a simple orifice. Moreover, to study the 

influence of the turbine/chamber coupling three different turbines (orifices) were considered. 

For this purpose a system of perforated discs, one per orifice has been used. These discs were 

fixed to the chamber using a hermetic sealing for the joints.  

The main characteristics of the perforated discs can be found in Table 3. 

Table 3. Characteristics of the model’s perforated plates. 

PERFORATED 

DISCS CODE 
DIAMETER [MM] 

AREA COEFFICIENT  
CA [%] 

PD 01 30.6 0.51 
PD 02 43.9 1.05 
PD 03 51.4 1.44 

3. Experimental set-up

In this work an experimental set-up has been developed, and tested in the wave flume of the 

USC. In this section this set-up is described, as well as the instrumentation. 

3.1 Test configuration 

The experimental design for the model described on section 2.2 was configured following 

relevant information from various source including: (Huges, 1993), (HMRC et al, 2003), or 

(Nielsen et al, 2003). In the present experimental set-up, the model was placed at a fixed 

position which fits in the testing zone of the wave flume, at 10.9 m from the mid-point of the 

wave maker. A scheme of the experimental set-up can be seen in Figure 4. 



 
 

 
 

 
Figure 4. Representation of the experimental set-up in this work. 

The arrangement keeps the OWC chamber static, acting as a conductor for the vertical 

oscillations of the inner water column. These oscillations act as a piston compressing and 

decompressing the air pocket trapped over the water column, creating a bidirectional air flux 

through the orifice on the top. The vertical elevation of the water column comes up with the 

incident wave and is measured using a set of three ultrasonic sensors integrated on the 

chamber. 

The pneumatic power that is available on the air flux depends: on the air flux itself and on 

the differential pressure between the air inside and outside the chamber. The air flux is 

determined by the water level oscillations assuming that air as an incompressible fluid. 

Moreover, the differential pressure is recorded using differential pressure sensors. 

The wave/current flume of the USC at Campus of Lugo is 20 m long, 0.65 m wide, 1 m 

high and with a water level raisable up to 0.6 m. The wave generation is placed at one extreme 

of the flume using a piston wave maker, with an active absorber system for reflected waves. At 

the opposite extreme of the flume, a linear beach dissipates the transmitted waves. 

Measurements of the wave height at several points of the flume have been recorded, using a set 

of resistant wave gauges. A scheme of the flume, the sensors and the model can be seen in 

Figure 4. 

 

3.2 Sensors used 

Different sensors were used in this experimental work. As mentioned before, the water 

oscillations along the flume and inside the chamber, as well as the air pressure inside the 

chamber were registered during all the test campaign. Also, the run-up of the incident wave 

was recorded at the monopile and the outside front wall of the chamber using resistant wave 

gauges. Moreover, the trials at the model were filmed at every time using a set of two cameras 

(one from a frontal and a lateral view). The instrumentation used is described in extended 

detail next: 

 Water column elevation: The free surface elevation inside the OWC chamber was 

measured by a set of three non-contact ultrasonic water level sensors, LUV31 from Omega. 

It is a distant meter based on ultrasonic reflections with: an analogue output from 0 to 

10 V, a range from 102 mm to 1.2 m, a resolution of 0.25 mm and a programmable 

sampling rate from 0.1 to 100 Hz (20 Hz was selected). Also the temperature effects were 

directly corrected by the sensors, thanks to an internal thermometer. 



 
 
 Differential air pressure: The differential air pressure between inside and outside the 

OWC chamber was recorder using a differential pressure transducer/transmitter, 

LPM / LPX 5480 from GE Druck. It is a piezoelectric transducer with: an analogue output of 

5 ± 5 V, a range of ± 20 mbar (2,000 Pa) and an accuracy of ± 0.25 on full scale. A perforated 

flexible ring pipe configuration was used to get an average value of the pressure inside the 

chamber, and this was connected with the sensor thought a flexible pipe. Furthermore, the 

outside pressure was measured directly at the low pressure port on the sensor, by an 

atmospheric pressure vent. 

 Surface elevation: The wave height was measured by a set of resistant Wave Gauges (WG) 

and a WG monitor from DHI. These wave gauges base their operating principle on the 

bases that, a change in the water level produces a change in the resistance, and the WG 

monitor provides a ± 5 V output with a non-linearity error of ± 1.5 % (1.5 mm). The WG 

were calibrated at least once a day, to account changes on water mean level or 

temperature. 

 

 
Figure 5. Final in-testing assembly configuration, with the chamber 
sensors. 

 

The signal acquisition was recorded using an acquisition system and software from DHI 

(all the records are synchronized with the wave maker). All the signals were registered at the 

same time, with a 40Hz sampling rate. A picture of the final assembly at the model is presented 

in Figure 5. 

 

4. Results and conclusions 

An intensive campaign of physical model tests has been carried out to validate the initial 

design and investigate its efficiency. A site in 20 m of water depth, close to the port of A 

Guarda (NW Spain), was considered for the purposes of this study and, in particular, for 

selecting the wave conditions. Following (HMRC et al., 2003) and (Nielsen et al, 2003), the tests 

were carried in five different series divided into two steps: the first, with monochromatic 



 
 

 
 

waves; the second, with random waves. The wave conditions considered for the five series are 

listed next: 

 Series A. Monochromatic linear waves: At this series:  10 wave periods, 4 wave heights 

and test duration of 100 waves has been considered. The wave period was changed from 5 

s to 14 s and the wave height from 0.25 m to 1.75 m, both at prototype scale. 

 Series B. Monochromatic non-linear waves: Following (Fenton, 1985) and (USACE, 2002), 

the water surface elevation files (applying a fifth-order Stokes theory) at the wave maker 

have been determined and reproduced. The wave height was changed from 1.75 m to 4.25 

m, the wave period from 5 s to 14 s like the previous series, and the test duration was 25 

waves. 

 Series C. Random waves (JONSWAP Spectrum): Considering the wave conditions at the 

selected site, a set of 9 random wave conditions were studied to perform the basic test in 

long-crested waves, as it is shown at Table 4. Also, the test duration was 60 minutes at real 

scale. 

Table 4. Wave conditions for the Series C 

WAVE HEIGHT HS [M] TE [S] TZ [S] TP [S] 

     
< 0.5 0.25 5.01 4.17 5.84 

0.5 – 1 0.75 4.74 3.95 5.53 
1 – 1.5 1.25 6.70 5.58 7.81 
1.5 – 2 1.75 7.88 6.57 9.19 
2 – 2.5 2.25 8.82 7.35 10.29 
2.5 – 3 2.75 8.98 7.48 10.47 
3 – 3.5 3.25 9.37 7.81 10.93 
3.5 – 4 3.75 9.86 8.22 11.51 
4 – 4.5 4.25 10.33 8.61 12.05 

     
 

 Series D. Spectrum shape for random waves (PM): The evaluation of the effects of the 

spectral shape on the energy production were evaluated at this series for the four more 

energetic wave conditions. Table 5. shows the wave conditions. Also, the test duration was 

60 minutes at real scale. 

Table 5. Wave conditions for the Series D 

WAVE HEIGHT HS [M] TE [S] TZ [S] TP [S] 

     
1.5 – 2 1.75 7.88 6.57 9.19 
2 – 2.5 2.25 8.82 7.35 10.29 
2.5 – 3 2.75 8.98 7.48 10.47 
3 – 3.5 3.25 9.37 7.81 10.93 

     
 

 Series E. Variation of the wave period for random waves (JONSWAP): This series study 

the evaluation of the influence of the variation on the average wave period for a constant 

wave height (the most energetic). Table 6. Shows the wave conditions for this series. Also, 

the test duration was 60 minutes at real scale. 

 

 



 
 

Table 6. Wave conditions for the Series E 

WAVE HEIGHT HS [M] TE [S] TZ [S] TP [S] 

     
2 – 2.5 2.25 7.00 5.83 8.17 
2 – 2.5 2.25 7.50 6.25 8.75 
2 – 2.5 2.25 8.50 7.08 9.92 
2 – 2.5 2.25 9.50 7.92 11.08 
2 – 2.5 2.25 10.50 8.75 12.25 
2 – 2.5 2.25 11.50 9.58 13.42 
2 – 2.5 2.25 12.00 10.00 14.00 

     
 

Furthermore, the OWC performance depends mainly on two parameters: the pressure 

difference between the intake and the exhaust of the turbine, and the flow-rate. The former was 

measured with the differential pressure sensor. The flow-rate has been calculated based on the 

displacements of the free surface within the chamber measured by three ultrasonic sensors. 

Turbines of different specifications were modelled by varying the section of the duct 

connecting the chamber with the exterior, as is customary when modelling OWC devices 

(Morris-Thomas et al., 2007). Three turbine configurations have been used for this work, 

corresponding to a duct overture of a: 0.5 %, 1.0 % and 1.5 % of the total area of the chamber. 

The main objectives of this work have been achieved, with the successful design and 

implementation of the experimental set-up, and a first characterization of a wave and wind 

hybrid energy converter under monochromatic and random waves. In particular, it was 

possible to achieve the proof of concept of this new technology. 

The focus of the tests was the coupling between the turbine and the chamber. The turbine 

effects a damping on the system. It was found that the energy efficiency varied significantly 

with different wave conditions and, most importantly, different values of the damping (i.e., 

with turbines of different specifications). In particular, significantly better performance was 

obtained with one of the damping values across most wave conditions, implying that this value 

achieves an optimum coupling of the turbine-chamber system. 

Finally, the next step in the development of this hybrid device is the development of a 

numerical model on the basis of the results of the laboratory tests. Once this numerical model is 

validated, the geometry of the new design will be optimised.  

Acknowledgments 

This research is part of project DPI2009-14546-C02-02 supported by Spain’s Ministry of Science 

and Innovation (Ministerio de Ciencia e Innovación).  

References  

Chakrabarti, S. 1994. ‘Offshore structure modeling’, World Scientific, Singapore.  

ISBN 981-02-1513-4. 

Curran, R., Stewart, T.P., Whittaker, T.J.T. 1997. ‘Design synthesis of oscillating water column 

wave energy converters: Performance matching’. Proceedings of the Institute of Mechanical 

Engineers Part A - Journal of Power and Energy, 211, 489–505. 

EU-OEA. 2009. ‘Oceans of energy. European Ocean Energy Roadmap 2010-2050’, European 

Ocean Energy Association, Bietlot (Belgium). 

EWEA. 2012 ‘Wind in power: 2011 European statistics’, European Wind Energy Association, 

Brussels, Belgium. 



Falcão, A.F.O. 2010. ‘Wave energy utilization: A review of the technologies’. Renewable and 

Sustainable Energy Reviews, 14, 899-918. 

Fenton, J. 1985 ‘A fifth-order Stokes theory for steady waves’. Journal of waterway, port, coastal, 

and ocean engineering, 111 (2). pp 216-234. 

Hartvig, P.A. 2011. ‘Scour Forecasting For Offshore Wind Parks’, Aalborg University. ISSN 

1901-7794. 

HMRC, Marine Institute of Ireland. 2003. ‘OCEAN ENERGY: Development & Evaluation 

Protocol. Part 1: Wave Power’, Hydraulics & Marine Research Centre. 

Hughes, S.A.  1993. ‘Physical Models and Laboratory Techniques in Coastal Engineering’, 

World Scientific Publishing co. Pte. Ltd., Singapore. ISBN 981-02-1540-1. 

Iglesias, G. and Carballo, R. 2010. ‘Wave energy and nearshore hot spots: The case of the SE 

Bay of Biscay’, Renewable Energy, 35, 2490–2500. 

Jeffrey, H., Sedgwick, J. 2011. ‘ORECCA European Offshore Renewable Energy Roadmap’, 

ORECCA Coordinated Action Project. 

Moccia J., Arapogianni, A.,Wilkes, J., Kjaer, C., Gruet, R.. 2011. ‘Pure Power. Wind energy 

targets for 2020 and 2030’. EWEA – European Wind Energy Association. 

Morris-Thomas, M.T., Irvin, R.J., Thiagarajan, K.P. 2007. ‘An investigation into the 

hydrodynamic efficiency of an oscillating water column’, Journal of Offshore Mechanics and 

Arctic Engineering, 129, 4, 273-278. 

Nielsen, K., RAMBOLL. 2003. ‘IEA – Ocean Energy systems Annex II report 2003. Development 

of Recommended Practices for Testing’, IEA-OES - Implementing Agreement on Ocean 

Energy Systems. 

Pereiras, B., Castro, F., El Marjani, A., Rodríguez, M.A. 2011. ‘An improved radial impulse 

turbine for OWC’, Renewable Energy, 36, 5, 1477–1484. 

Tzimas, E., Moss, R.L., Ntagia, P. 2011. ‘2011 Technology Map of European Strategic Energy 

Technology Plan (SET-PLAN), Publications Office of the European Union, Luxembourg. 

ISBN 978-92-79-21630-5. 

USACE. 2002. ‘Coastal Engineering Manual’, U.S. Army Corps of Engineers, Washington D.C. 



 4th International Conference on Ocean Energy, 17 October, Dublin 
 

 
1 

Integration of Wave Energy Converters and 
Offshore Windmills 

C. Pérez1 and G. Iglesias2 

1 University of Santiago de Compostela, 
Hydraulic Engineering, EPS, 

Campus Universitario s/n, 27002, Lugo, Spain 
E-mail: carlos.perez@usc.es 

 
2 School of Marine Science and Engineering 

University of Plymouth 
Marine Building, Drake Circus, Plymouth PL4 8AA, UK 

E-mail: gregorio.iglesias@plymouth.ac.uk 
 
 

 
Abstract 

In recent years, with more and more offshore 
wind farms being constructed, the possibility of 
integrating other marine renewables with offshore 
wind has arisen. This integration presents a number 
of advantages, including a better utilisation of the 
marine space and lower installation costs relative to 
separate installations. 

The main objective of this work is to analyse the 
integration of different WEC technologies into 
offshore windmills. More specifically, three 
technologies were considered: oscillating water 
column, oscillating body, and overtopping devices; of 
which three prototypes were designed to a 
preliminary level. Particular attention was paid to 
the windmill foundations and how they are affected 
by the installation of the WEC. 
Keywords: Ocean energy, wave energy, offshore wind,  
hybrid devices. 

1.  Introduction 
Wave and offshore wind energy are part of the 

marine renewables energy family, which is called to 
become an important part of the EU electricity mix 
satisfying 15% of the European electricity demand and, 
in some countries, up to 20% of the national demand by 
2050 [1]. Sharing the same hostile sea environment, 
some of the challenges that wave and offshore wind 
energy confront are similar. Their level of 
technological maturity is, however, not the same: while 
offshore wind is a proven technology with 3.8 GW of 
installed capacity in Europe and employing 35,000 

                                                 
 
 

people directly at the end of 2011 [2], wave energy is 
still at an early stage of development, 

One of the challenges for the wave energy industry 
is to reduce cost, and it is in relation to this that the 
option of solutions integrated into offshore windmills 
arises, taking advantage of the fact that the offshore 
wind energy industry is more mature. This paper 
tackles the issue of integrating wave energy into 
offshore wind, and in particular considers the 
characteristics of current technologies in order to 
propose three initial hybrid prototypes. 

1.1 Synergies 
The synergies between co-located offshore wind 

turbines (OWTs) and wave energy converters [3-4] can 
be listed as follows: 

 Energy yield. Co-located technologies would 
increase the energy yield per unit area of marine 
space and thereby contribute to a better use of 
the natural resources. 

 Grid infrastructure. Using a common electric 
grid infrastructure would bring about a cost 
reduction. 

 Logistics. Sharing the specialised marine 
equipment needed for the installation or during 
the life of the project, such as port space or 
installation vessels, would also contribute to 
reducing the costs. 

 Operation and maintenance (O&M). The use of 
common installations of specialised technicians 
would become an important cost reduction. 

 Foundation. Sharing the same foundation 
system would mean a reduction in the cost of 
the structures compared with separate projects. 

 Shadow effects. Co-locating WECs and OWTs 
may have a shadow effect. WECs located on the 
perimeter of the offshore wind park would 
absorb wave energy and thus result in a milder 
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wave climate inside the park. This effect may 
mean open more windows for O&M and 
reduced loads on the OWTs structures. 

 Smoothing power output. Waves have less 
variability and are more predictable than wind, 
as the wave climate peaks trail the wind peaks. 
This would help wind parks to avoid the effects 
of sudden disconnections on the electric grid 
and to obtain a more accurate output forecast. 

 Environmental benefits. Knowledge of the 
environmental impacts can be transferred from 
one sector to another. 

On the other hand, the use of the same space for both 
technologies may present some disadvantages, such as: 

 Development times. The early stage of 
development of WEC technologies could entail 
longer development times, which would be an 
upward factor on the project cost. 

 Insurance. The lack of experience in co-located 
projects could mean higher insurance costs. 

 Accident or damage risks. Co-locating floating 
WECs near OWTs could increase the risk of 
accident or damage in case of a mooring failure 
on the WEC. 

 Site-selection compromise. Optimising the site 
selection for a co-located concept could be not 
ideal for wave and wind compared with the 
stand-alone option. 

1.2 Offshore wind foundation 
To consider hybrid or co-located platforms it is very 

important to understand properly the limitations of the 
different offshore wind technologies. Essentially the 
offshore wind technology is the same as that used 
onshore, with the exception of the foundation system –
a relevant exception. The offshore wind foundation 
systems suitable for WEC integration are: monopile, 
tripod tube, jacket frame and floating foundations 
(Figure 1) (the gravity base system has been discarded, 
as it is only appropriate for shallow water, with depths 
in the range 5 – 20 m) [5-6]. 

 

 
Figure 1: Offshore wind foundations 

The monopile, consisting of a pipe that has been 
driven into the seabed, is the most extended foundation 

system in the industry. Its main advantages are the 
simple concept and easy installation. On the other hand, 
it has certain disadvantages, such as: (i) the possible 
scouring of the seabed, (ii) the high steel cost to reach 
water depths larger than 30 m, or (iii) the limitations on 
extra loads on the structure (especially on lateral 
forces). 

The tripod tube has appeared as an evolution of the 
monopile. Based on the same concept but with a 
multiple base, usually in the form of a tripod, the tripod 
tube allows a better distribution of the loads. The main 
advantages of this system are: (i) it can be used on a 
broader range of sea beds; (ii) the driven pipes have 
smaller diameters than in the case of the monopile, 
which reduces the scouring effects; (iii) it allows to 
reach higher depths than the monopile (up to 40 m); 
and (iv) it is less sensible to lateral forces. Its main 
disadvantage is that the installation process is longer 
and more expensive than in the case of the monopile. 

The jacket frame is getting more common on the last 
years, each time more projects are using this foundation 
system. This system comes from an adaptation to the 
offshore wind industry of old concepts already 
existents on the oil and gas industry for decades. The 
main advantages lies on: its possibility to reach higher 
depths (up to 60m), the distribution of the contact with 
the seabed on four points makes those smaller 
(reducing its impact and the sourcing effects), the use 
of small pipes to form the structures and not a big 
monopile reduces the loads on the structure due to the 
waves, and that this concept don't needs the transition 
part to ensure the verticality of the wind mill. But the 
main disadvantage is that the construction and 
installation processes are much longer and expensive 
that in the other cases. 

Finally, floating foundations still are at an early 
stage of development, with many different concepts – 
of which some prototypes are being tested at scale level 
in real conditions. The main advantage of these systems 
is the possibility of reaching deep waters (up to 200 m), 
and the main disadvantage their early development 
stage. 

1.3 Wave Energy Converters 
As with offshore wind foundations, a proper 

understanding of the limitations and characteristics of 
WECs is crucial for a hybrid or co-located platform. 
Wave energy technologies can be grouped into the 
following categories: oscillating water columns, 
oscillating bodies, overtopping, and linear absorbers or 
attenuators. These categories are outlined in the 
following with the exception of linear absorbers or 
attenuators, which are not deemed suitable for the 
purposes of this work – their dimensions are usually 
too large, hence it would be very difficult to co-locate 
those systems and offshore windmills [7-8]. 

Oscillating Water Columns (OWC) are conversion 
devices with a semi-submerged chamber, keeping a 
trapped air pocket above a column of water. Waves 
cause  the column to act like a piston, moving up and 
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down and thereby forcing the air out of the chamber 
and back into it. This continuous movement generates a 
reversing stream of high-velocity air, which is 
channelled through a turbine-generator group to 
produce electricity. 

The main advantages of these systems are their 
simplicity (essentially there are no moving parts other 
than the air turbine) and the fact that they are usually 
well-proven and reliable. On the other hand, their 
performance is not so high – although there are new 
control concepts that should be tested to increase the 
performance; moreover, these systems are normally 
bottom-fixed – there are some floating concepts, but 
the performance is smaller than that of bottom-fixed 
devices. Some representative devices are: GreenWave 
(Scotland), Wavegebs Limpet (Scotland), Pico Plant 
(Azores), Mutriku (Basque Country), OE Buoy and 
Oceanix (Australia) [9]. 

Oscillating Body converters are either floating (more 
usually) or bottom fixed. They exploit the more 
powerful wave regimes, normally in deep waters (more 
than 40 m). In general, they are more complex than 
OWCs, in particular as regards their Power Take Off 
(PTO) systems. In fact, the many different concepts and 
manners to transform the oscillating movement into 
electricity have given rise to many different PTO 
systems, e.g. hydraulic generators with linear hydraulic 
actuators, linear electric generators, piston pumps, etc. 

The advantages of oscillating body converters are  
their small size and the fact that most of them are 
floating devices, which makes them very versatile. On 
the minus side, a clear technology has not emerged yet, 
and more research should be carried out to increase the 
PTO performance and avoid certain issues with the 
mooring systems. Some representative devices are: 
AWS of Columbia Power Technologies, Oyster 
(Scotland) and Wave Star (Denmark) [9]. 

Overtopping terminators consist of a floating or 
bottom fired water reservoir structure, normally with 
reflecting arms to focus the wave energy, as waves 
arrive, they overtop a ramp structure and restrained in 
the reservoir. The potential energy due to the height of 
collected water above the sea surface is transformed 
into electricity using conventional low head hydro 
turbines. 

The main advantage of this system is the simple 
concept – it stores water and, when there is enough, lets 
it pass through a turbine. Its main downsides are the 
low head (in the order of 1-2 m), or the huge 
dimensions that a full scale overtopping device would 
have. Some representative devices are: WaveDragon 
(Denmark), Seawave Slot-Cone Generator (Norway), 
or WaveCat (Spain) [9-10]. 

2.  Different types of wind/wave farms 
Three types of wind/wave farms can be considered: 

independent bottom-fixed wind turbines and wave 
energy converters, bottom-fixed hybrid wind-wave 

energy converters, and floating hybrid wind-wave 
energy converters. 

 

2.1 Independent bottom-fixed wind turbines 
and wave energy converters 

A co-located independent solution is the direct 
option at the current stage of development of both 
technologies. This type is based on an actual offshore 
wind farm configuration and the additional deployment 
of WECs on the same space, sharing common 
installations (like the grid connection) but with 
independent foundation systems. 

Within this type, different options can be considered, 
such as: (i) placing the WECs on the perimeter as a 
wave shield, (ii) distributing the WECs through the 
entire wind park, (iii) using bottom fixed WECs to 
reduce the impact risk, or (iv) using floating WECs. 

The main advantages are the simplicity of the 
concept (it doesn’t require major changes to the current 
technologies), easy integration (which would consist of 
deploying the devices on the same area, and planning 
the grid connections and capacity accordingly), or the 
possibility of opting for either bottom-fixed or floating 
WECs. On the other hand, there are two main 
disadvantages. First, the lack of experience in co-
located devices, which constitutes a hard start barrier 
for wave or wind developers. Second, the difficulties 
relating to the mooring technologies and the early stage 
of development of the new concepts signify that the 
risk of accident or collision between the WEC and the 
OWT cannot be dismissed (and consequently the 
insurance costs for the global project could be large). 

2.2 Bottom-fixed hybrid wind-wave 
A second option is the idea of hybrid devices, 

meaning to design systems that would go for a shared 
platform. This option considers the actual offshore 
wind bottom-fixed technology to create an evolution 
defining new devices. Those hybrid systems are 
basically a modification of the foundation structures, 
adapting some already existent wave technologies. 

Concerning the foundation point of view, and based 
on the analysis made on point 1.2, the most likely 
options to go for a hybrid wave-wind device are the 
monopile and the jacket frame. Also considering the 
restrings of both systems and the characteristics of the 
three WECs technologies described on point 1.3, the 
most likely options for a hybrid bottom-fixed system 
are: A hybrid OWC-wind or an hybrid oscillating body-
wind (here the simplest option is to consider a buoy 
point absorber). 

As to the main advantages, these are the lack of 
floating bodies that can end in an accident or a collision 
(reducing the risk and consequently the insurance cost), 
the cost reduction due to the use of a sharing 
foundation system and the increase in the energy yield 
per device. The disadvantages are the extra costs on the 
production and installation of the foundation system 
and the extra loads on the structure (especially on the 
monopile case). 
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2.3 Floating hybrid wind-wave 
As a long term option, the idea of bringing floating 

wind turbines and floating WECs together under the 
same platform should be considered. This type 
considers the idea of developing hybrid floating 
concepts that brings together WECs and OWTs. The 
main idea is to integrate, either wind turbines on big 
WECs (e.g. a big overtopping WECs could be used as a 
floating foundation system for one or two wind 
turbines), or integrate small WECs on a floating OWT 
foundation (e.g. as part of system to reduce the lateral 
movements on the floating turbine). 

The main advantage of these solutions would be the 
possibility to reach deeper waters (at European level, 
this means for the most part the Atlantic coast), where 
the majority of wave and resources are located. On the 
other hand, the main disadvantage is that those ideas 
are still at a very early research point and may be an 
option for a long term perspective. 

3.  Some hybrid solutions for a wave-wind 
generator 

This paper has proposed the consideration off the 
second type of wave/wind farm (the bottom-fixed 
hybrid wind-wave), and based on the analysis done on 
point 2.2, three prototypes had been designed to a 
preliminary level. 

3.1 Hybrid OWC-Wind 
The first option considers the integration of OWC 

and wind technologies. Fig. 2 presents the two 
prototypes that have been designed. On the left side of 
the figure it is the OWC-monopile hybrid converter, 
and on the right side the OWC-jacket frame hybrid 
converter one. 

 

 
Figure 2: Hybrid OWC-Wind 

As the main common characteristics for the OWC-
Wind hybrid solutions (independently of the foundation 
system) they are that the OWC is a proven and simple 
technology with a low maintenance cost, there are no 
moving parts except for the air turbine, and it presents a 
more compact size compared with the wind turbine. 

Both prototypes are described in the following 
paragraphs in detail: 

The first prototype is the OWC-monopile hybrid 
converter. This solution consists of integrating a 
cylindrical chamber around an offshore wind monopile 
foundation. The chamber is fixed to the monopile, 
bottom open and it can be divided into more than one 
sub-chambers. Each one of the sub-chambers is 
connected at the upper part to an air turbine (e.g. a well 
or an impulse turbine). Table 1 presents the main 
characteristic of this prototype. 

The main advantages of this prototype are like the 
common ones for the OWC-Wind and that there is no 
limitation on the chamber size, as it is only limited by 
the foundation. On the other hand, the main challenges  
are on the extra efforts from the chamber to the 
foundation, which would probably increase its cost, and 
the high cost of building it in steel (more research on 
composites materials should be done to reduce cost). 

The OWC-jacket frame hybrid converter is the 
second prototype, and here the free space that there is 
inside a jacket frame foundation is used to install an 
OWC chamber. The chamber has a conic shape in order 
to optimise the space inside the foundation structure 
and at the same time retain the advantage of a circular 
base (to be wave direction independent). Like in the 
previous prototype, the chamber is fixed to the 
foundation structure and bottom open, nevertheless in 
this case there are no sub-chambers, and consequently 
only one air turbine is connected at the top. Table 1 
also presents the main characteristics of this prototype. 

 

Prototype OWC - monopile OWC - jacket 
frame 

Chamber 
shape cylindrical conic 

PTO air turbine air turbine 
Diameter 
(width) 20-25 m 8-15 m 

Height 12-20 m 15-20 m 

Table 1: Main characteristic of the hybrid  
OWC-wind prototypes 

The main advantages of this prototype are like the 
previous one, the same as the common ones, with the 
extra advantage that the jacket frame foundation is less 
sensitive to extra lateral load than the monopile and for 
that the extra requirements for the foundation would be 
less important. Moreover, on the disadvantages, the 
chamber’s maximum size is limited by the foundations 
dimensions, which in turn limits the available volume 
and consequently the system's power. 

3.2 Hybrid oscillating body-wind 

This second option considers the integration of 
oscillating body and wind technologies. Fig. 3 presents 
the third prototype considered for this paper. This 
solution consists in integrating a semi-toroidal buoy 
around a monopile foundation. The buoy is divided into 
two or four sections and each one of the sections is 
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connected to a hydraulic actuator fixed on the 
foundation structure. 

 

 
Figure 3: Hybrid oscillating body-Wind 

Wave oscillations will move the buoys up and down, 
transmitting the movement to the hydraulic actuators. 
The high pressure oil from the hydraulic actuators 
would move a hydraulic generator to produce 
electricity. Table 2 presents the main characteristics of 
this prototype. 

 

Prototype Oscillating 
body - monopile 

Body shape Semi-toroid or  
semi-toroid section 

PTO hydraulic 

Average diameter 15-20 m 

Width 8-12 m 

Height 4-8 m 

Table 2: Main characteristic of the hybrid  
oscillating body-wind prototype 

The main advantages of this solution are the 
lightness of the prototype and the configuration reduces 
the loads (comparing it with the OWC case), the 
concept has been tested successfully on many different 
WECs, and the possibility of including a hydraulic 
actuator would facilitate  access to the wind turbine for 
O&M operations (acting on the hydraulic actuator to 
follow the service boat). On the other hand, the 
disadvantages are that the hydraulic systems have a 
higher O&M cost than other systems, and also these 
kind of WECs are still at an early development stage 
and more research is necessary, to achieve higher 
performances. 

4.  Preliminary assessment 
In order to evaluate the three prototypes described 

previously, a preliminary assessment has been carried 
out. To perform this assessment, the capture width ratio 
   has been used [11], this defined as the ratio between 
the absorbed power      [ ] and the available wave 

power resource per meter of wave front       [  ⁄ ] 
times a relevant dimension   [ ] (note than this is not 
a proper efficiency as it may in principle be larger than 
one). 

   
    

      
 (1) 

 
Considering the characteristics of three prototypes it 

can be defined two average capture width ratios. For 
the for the first two OWC prototypes can be considered 
as 33% [11], and considering the oscillating body as a 
larger heaving buoy a 29% [11] is  one for the last 
prototype. 

Based on these ratios, it is possible to estimate 
energy production of the hybrid devices and compare it 
with the respective production of the windmill. For 
example, considering the first OWC prototype  
(      ), and assuming a wave resource of 25 
kW/m and a width of 22m (Table 1), the average power 
absorption is 181.5 kW. With a capacity factor of 3,000 
hours, the average power production of a 5 MW wind 
turbine is 1,700 kW. This means that the WEC power 
production represents approximately 11% of the wind 
turbine power production. Moreover the required total 
width to match the power production of a single 5 MW 
wind turbine is 200 m, (9 times higher than the OWC). 
Table 3 presents the capture with ratio and the power 
absorption for each prototype, and Table 4 presents the 
ratios between the wind turbine and the prototypes. 

 
    [%] Width [m]      [kW] 

OWC (I) 33 22 181.5 

OWC (II) 33 12 99 
Oscillating 

body 29 10 (x4) 290 

Table 3: Capture width ratio and power absorption  
for the three prototypes 

 

 
    

    
⁄  

[%] 

        
        
⁄  

[%] 
OWC (I) 10.6 11 

OWC (II) 17.2 6. 
Oscillating 

body 17.1 20 

Table 4: Ratios between the wind turbine and  
the three prototypes 

5.  Conclusions 
This paper goes through the different aspects 

concerning the intent to integrate Wave Energy 
Converters and Offshore Windmills. As a first step, a 
review of the current status for both WECs and OWT 
technologies, has been done, and considered the many 
synergies in common. 

At the same time, the paper shows that there are 
three different options to integrate WECs and 
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Windmills, the first being the most easy to implement 
considering the actual technologies, but from a  
scientific point of view, the second and the third ones 
are the most interesting (as are those where the main 
research and development advances should come 
from). For the purpose of this paper, the second is the 
considered, as the hybrid solutions are the next logical 
step.  

Defining new hybrid concepts may be a long 
procedure, where many different points of view should 
be considered and evaluated. From this procedure, 
three preliminary prototypes were proposed in this 
paper, based on proven technologies (OWC and 
oscillating bodies). 

A preliminary assessment of the three prototypes has 
been done, and some interesting conclusions can be 
interpreted. The Oscillating body monopile prototype is 
the one with the higher power output, and the OWC 
jacket frame has the lowest one. Nevertheless, the 
simplicity of the OWC concept,  considering space 
efficiency and the loads impact on the structure, the 
OWC jacket frame seems to be a good option. 

It is premature to compare the prototypes at this 
stage, since the method used to evaluate the 
performance is based on many assumptions and 
common considerations. A physical or numerical or 
both monetization should be done, to get more accurate 
data and go for a 'prove of concept' of the prototypes. 
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Abstract 

In recent years, with more and more offshore wind farms being constructed, the question arises 
as to the possibility of integrating other marine renewables together with offshore wind. This 
integration presents a number of advantages, including a better utilisation of the marine space 
and lower installation costs relative to separate installations. Therefore, new hybrid or 
multiplatform solutions are being developed. 

This work is focused on the integration of Wave Energy Converters (WECs) into offshore wind 
farms. Furthermore, the sustainable development of both offshore wind and wave industries 
requires a reasonable and responsible use of the natural resources, optimizing their exploitation 
where present. And it is in relation to this and on the shared challenge for both in reducing cost 
that the option to integrate these energies arises. 

I. Introduction 

Wave and offshore wind energy are part of the marine renewables energy family, which is 
called to become an important part of the EU electricity mix, prospectively satisfying 15% of the 
European electricity demand and, in some countries, up to 20% of the national demand by 2050 
[1]. Sharing the same hostile sea environment, some of the challenges that wave and offshore 
wind energy confront are similar. However, wind and wave energy converters are not at the 
same level of technological maturity. In Europe, bottom-fixed offshore wind is a proven 
technology with 3.8 GW of installed capacity in Europe and employing 35,000 people directly at 
the end of 2011 [2]. However wave energy – as well as floating offshore wind energy – is still at 
an early stage of development. 

A shared objective between these industries is to reduce cost, prompting the option of 
integrated technology solutions, taking advantage of the fact that there are a number of 
technical and economic advantages when combining different energy converters. This paper 
tackles the issue of integrating wave energy into offshore wind, and in particular considers the 
characteristics of current technologies in order to propose three initial hybrid prototypes. 

Firstly the positive synergies when offshore wind and wave energy technologies share the same 
marine space are considered. These positives include: shared cost, a smoother and highly 
available power output compared to individual productions, improved forecasting of the power 
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output, and shielding effects of WECs over the offshore wind farm, which contribute to increase 
the weather windows for operation and maintenance. 

Secondly, this work outlines the risks and challenges that arise when combining these energies. 
To some extent WECs increase the uncertainty of the project, leading to higher project cost and 
an increase in the associated financial risk. 

Finally three case studies are proposed to illustrate different possibilities of a combined wave 
and wind array. Different types of WECs are considered together with various array 
configurations, such as: (i) co-located wave and offshore wind turbines, i.e. the WECs are 
located at the outer rim of the wind farm; (ii) hybrid energy converters, i.e. both technologies 
share the same structure; and (iii) a combination of the two previous cases. 

II. Synergies and challenges 

This section focuses on the positive synergies of combining Wave Energy Converter (WEC) and 
offshore wind turbines occupying the same marine area. The second part of the section defines 
the predicted risks and challenges associated with combined wind-wave arrays. 

1. Synergies 

A large number of combined wave and offshore wind arrays utilising a single array site have 
been proposed over the last 20 years [3-6]. These combined concepts are supported by a 
number of positive impacts, synergies, such as increased energy yield and a reduction on the 
Operation & Maintenance (O&M) costs. By conducting a literature review of [7-9], the wave and 
offshore wind synergies can be defined as follows: 

 An increased energy yield. The combination of two different technologies harnessing 
different sources of energy at a single array site will increase the global energy yield per 
array unit and thereby contribute to a more sustainable use of the natural resources; 
 

 

 
Figure 1: Significant wave height (blue), wind speed (red), and real power productions of Wavestar wave 
energy converter (blue), of a closely located wind turbine (red) and a combination of both (green), 
expressed as a percentage of maximum power output, during 10 days of January 2011 in Hanstholm, 
Denmark, in the Danish North Sea. Source [10]. 

 An increased predictability. Waves are more predictable than winds [10]. Results of a 
recent study [11] and [9] suggest that for day-ahead forecasts, waves are 23% more 



predictable than winds, the power output of WECs is 35% more predictable than for 
wind turbines, and the inclusion of wave energy in a wind-only system reduces 
balancing costs up to 35%. For the Danish electricity system this would imply annual 
savings of 13 MEUR.  

 A smooth and highly available power output. As well as being more predictable than 
winds, wave climates are less variable and peak wave potential lags some hours behind 
peak wind potential, for the same weather system. [9]. Therefore a combined harness of 
the wind and wave resources at the same array location allows for combined power 
output to avoid rapid reduction in supply to the electric grid due to unpredictable wind 
resource variation. Furthermore, a combined use of the resources allows to design a 
grid connection able to absorb the maximum combined energy production with lower 
capacity than the combined power rated, as the wave and wind energy productions 
peaks are delayed in time (as seen in Figure 1); 

 A shared common grid infrastructure. To connect an offshore wind or wave park to 
the electric grid (usually onshore) represents one of the most significant costs for 
marine energy arrays. Therefore, a combined production of electricity using a shared 
electric connection would become an important factor for cost reduction; 

 A shared substructure foundation system. One alternative to combine wave and 
offshore wind within a single array is a hybrid design. Hybrid wave converter systems 
share the same substructure or foundation with the offshore wind turbine. This shared 
cost will lead to an important cost reduction, as the substructure represents one of the 
most important cost of an offshore project; 

 Other shared costs. By combining wave and wind converter arrays, specialisation on 
site equipment and personnel can be shared: (e.g. the specialised logistic infrastructure 
or vessels, O&M equipment and personnel); 

 A reduced environmental impact. The environmental impact of a combined 
production of wave and wind energy is expected to be smaller than the separate 
alternative, as the affected area will be smaller. This will signify: a better utilization of 
the natural resources, a reduced area of impact, and the advantage of the knowledge 
transfer from one sector to the other; 
 

 
Figure 2: Array of Wave Energy Converters with their respective wakes. Source [12]. 

 The shadow effects. Finally, it should be taken in consideration the shadow effects of 
the WECs. The energy extraction produced for an array of WECs modifies the local 
wave climate reducing the mean wave height, creating the shadow effect or wake (as 
seen in Figure 2). Combining WECs and offshore wind farms at the same location, in an 
array where the WECs are located on the perimeter, will result in a milder wave climate 
at the inner part of the wind farm. This creates more frequent and longer Access 
weather Windows and consequently reduced O&M cost. 



2. Risks and challenges 

Even though new wave-wind combined concepts have been proposed in previous years, none 
of them has reached the commercial stage. The main reason being the nascent stage of the 
wave energy industry compared to the wind energy industry, where many manufacture and 
installation costs are already minimised. Considering the different development stages of these 
two renewable industries, this work outlines the main practical risks and challenges. 

 Technology readiness of wave energy. The wave energy industry has not reached 
the necessary level of technology readiness to attract main investors yet [13]. However, 
during the last couple of years, some of the most advanced wave energy concepts (e.g. 
Pelamis, Oyster, Wavestar and Wave Dragon) have drastically reduced this gap, 
reaching technology readiness levels suitable for a synergy industrial development; 

 Uncertainty of mooring lines. Current mooring lines used in the offshore industry are 
mostly designed for traditional offshore applications, such as oil and gas, and their 
response under the dynamic loading of a WEC has not been refined; 

 Failure due to lack of experience. The lack of full scale experience, for both arrays of 
WECs and full scale prototypes of combined systems, represents a strong barrier. This 
is due to the lack of real data supporting the reliability of WECs and combined solutions, 
greatly the failure risk; 

 Impact risk. Deploying floating WECs at the same array location as an offshore wind 
farm represents a high risk of impact between the WECs and the wind turbines or 
substructures. This is due to the lack of experience limited or no contingency plan for a 
mooring failure or collision event; and 

 Project insurance. Another major consequence from a lack of practical experience 
when dealing with combined technologies, there is an additional economic risk 
associated to combined projects. 

These facts outline the weaknesses of a combined concept. However, these must be used to 
set new challenges for the sector, challenges which are aimed to lead new research and 
development. On one hand, further research and development is necessary on key technology 
components such as: new materials for mooring lines; new concepts of mooring systems, which 
include anti failure safety systems; anti-collision systems, to avoid damage of the wind turbines 
in the event of mooring failure and minimise the collision risks. However on the other hand, 
there is the need of develop full scale concept of combined technologies to prove the validity of 
the synergies and their economic impact on a real project, and to understand the interaction 
between wave and offshore wind technologies. 

III. Combining the concepts 

To illustrate the different possibilities of a combined wave and wind farms, a qualitative analysis 
has been followed, and three different case studies are proposed as an analysis of the 
possibilities and challenges that the combined parks can offer. Four analytical steps have been 
considered: 

1. The problem definition 

Firstly, the base problem and conditions are defined as a starting point to reference back to in 
further analysis. For the purpose of this work, a generic offshore wind farm, monopile driven 
turbine type, has been chosen. The perimeter dimensions are set to 10km by 5km. An average 
water depth of 20m is assumed and the distance to shore is between 20 and 30 km. The power 
capacity is considered to be 200 MW. For comparative purposes, a wave energy array of similar 
dimensions is considered at the same site. Both, the wind and the wave farms have a 
predominant wave direction from the NW. 

2. A cost overview 

The second factor to consider is the distribution of costs for a typical offshore wind farm. These 
costs have also been extrapolated to evaluate similar figures for a wave energy farm. This is 
determined by evaluation of a study from NREL comparing different offshore wind farm costs 



[14], Figure 3 shows the distribution of cost from this study. It is shown that most relevant capital 
costs for an offshore project are: the wind turbine, the Operation and Maintenance (O&M), the 
support structure or substructure, and the electrical connection. This suggests that, cost 
reductions in these areas will significantly contribute to general cost reduction of the project and 
impact the development of the synergy sector. 

Figure 3: Share of different costs for an offshore wind project by different sources. Source [14]. 

3. WECs alternatives

A literature review of the wave energy sector shows that there are more than 100 different 
WECs under development at the moment. However all these different technologies can be 
grouped into three main categories, based on the fundamental working principle: (i) Oscillating 
Water Columns (OWC) devices; (ii) oscillating devices; and (iii) overtopping devices. A complete 
review of these Categories and their fundamental energy extraction principles can be found in 
[15]. 

The interaction between the WECs and the offshore wind farm is crucial, and must be 
considered carefully, as performance is greatly dependent on the WEC technology type. 
Furthermore, the characteristics, dimensions and foundation systems of each one of these 
technologies varies affecting the costs and suitability for technical integration. 

For the purpose of this work, three WECs have been considered, shown in Figure 4: 

 Wavestar is based on a combination of multiple point absorbers on different rows. The
main advantage of this technology is that it has purposely been conceived to be
integrated to an offshore wind turbine as a hybrid device, sharing its substructure costs
with the wind turbine;

 Wave Dragon is a large floating terminator device, which bases its working principle on
the overtopping of waves through a ramp up to an elevated water reservoir. Wave
Dragon covers a large marine area, creating a large area of calm water in the device
wake. Wave Dragon has also being conceived to accommodate two wind turbines over
it; and

 Wavebob is a single body point absorber, based on an oscillating buoy. These kind of
devices are small in comparison with the two previous ones and requires smaller areas.
A point absorber can be deployed inside the offshore wind farm without presenting a big
disturbance to the operability of the wind farm or to other marine users.



 

 

 
Figure 4: The WECs considered for this work: Wavestar, up; Wave Dragon, down left; and Wavebob, 

down right. Sources [16] and [17] and [18]. 

Table 1 shows the main parameters that have been defined to apply the analytical analysis for 
each one of the three WECs considered. These parameters can be defined as follows: 

 WEC main active direction is the principal dimension of the WEC, this means the 
distance measured in metres of the extraction of the energy from waves it extracts the 
energy from waves. For Wave Dragon it corresponds to the front width, for Wavebob to 
the floater diameter and for Wavestar to the floater diameter times the number of 
floaters. 

 Capture width is a measure of the performance of the WECs, and it measures the ratio 
between the absorbed energy from the device and the total wave energy available per 
metre of wave front [19]. 

 Shielding potential coefficient (regular operation), this coefficient assigns an 
analytical value to measure the shielding potential of the WECs in standard operational 
conditions. 

 Shielding potential coefficient (storm operation), this coefficient, like the previous 
one, assigns an analytical value to measure the shielding potential of the WECs under 
storm conditions. 

 
Table 1: Main reference parameters for each one of the WECs considered for this work. 

WEC 
name 

WEC  
main active 

dimension [m] 

Capture 
width [-] 

Shielding potential 
coefficient (regular 

operation) [-] 

Shielding potential 
coefficient (storm 

operation) [-] 

Wave 
Dragon 

260 0.23 0.6 0.5 

Wavebob 15 0.42 0.3 0.2 
Wavestar 100 0.40 0.6 - 
 



4. The case studies 

a) First case study: co-located wave and offshore wind turbines 
A co-located wave-wind array has been considered for this case study, where the 
WECs are distributed between the wind turbines at the periphery of the array, facing the 
incoming waves. This approach takes advantage of the shielding capability of the 
WECs to extract energy from waves and consequently reducing the wave high at the 
inner part of the array. The selected WEC for this case is Wavebob, due to its small size 
in comparison with the spacing between wind turbines. 
 

b) Hybrid wave-wind energy converters 
For this second case study, a hybrid wave-wind device has been selected. This hybrid 
device shares the same substructure with the wind turbine. Like in the previous case 
the hybrid devices are placed at the periphery of the array, facing the incoming waves, 
and acting as wave shields. The selected WEC for this hybrid device is Wavestar. 
 

c) Combination of a) and b)  
The last case study combines both previous solutions, by introducing small point 
absorbers at the inner area of the array (using for that the Wavebob option), and also 
including the Wavestar hybrid. Also some periphery wind turbines are removed to install 
large WEC like Wave Dragon, to drastically increase the shielding effect. 

IV. Results 

In this section, the three case studies proposed on the previous section were compared by 
taking into consideration the different parameters and characteristics defined also in previous 
section. To proceed with this comparison, a set of weighing coefficients have been proposed. 
These coefficients are aimed to compare the influence of the synergies and characteristics 
defined in previous sections for each one of the three case studies proposed. The coefficients 
have been divided into two main categories, savings and costs, depending on the influence over 
the whole project that the combination of wave energy has. 

Table 2 shows the different weighing coefficient values that have been assigned for each one of 
the case studies. There a set of coefficients are defined giving a maximum value of 0.2 to the 
category with the higher weigh and 0.02 to the one with the smaller weigh. 

Table 2: Comparative analysis between the three case studies proposed. 

Case Study Solution 1 2 3 
Savings 

Initial Savings 
Grid connection 0,10 0,10 0,10 
Licensing 0,05 0,05 0,05 
Substructure 0 0,05 0,03 

Lifetime Savings O&M 0,02 0,02 0,02 
O&M Weather Window 0,20 0,10 0,30 

Shared Costs Total 0,37 0,32 0,50 
Costs 

Loss of WEC Power Shielding/Turbulence 0 0 0,05 
Wave Climate 0,05 0,05 0,05 

Loss Total 0,05 0,05 0,10 
 

Total Savings 0,32 0,30 0,40 
 



The savings category has been subdivided into initial and lifetime savings. The initial savings 
evaluate those parameters that have a direct influence over the capital cost of the project, such 
as: the grid connection, which has been considered constant for the three case studies and 
with a high relative weight, as this is one of the more important costs for an offshore project; the 
licensing, this is the cost reduction linked with the smaller application and licensing times of 
presenting one combined project instead of two. This cost is also considered as uniform and 
with a relative weigh of 0.05; and the substructure, this cost is only applicable to case studies 
2) and 3) as it is there where hybrid wave-wind devices are considered, and it is especially 
relevant for case 2) where only hybrid devices were used. 

Lifetime savings are those that have an effect over the variable cost of a project and which are 
distributed during its whole life, for this analysis two were considered: the O&M, sharing the 
same specialised personnel to perform the maintenance and the operation of the combined 
farms will mean a cost reduction, however the increased technical complexity due to the 
addition of the wave devices will mean that this reduction will not be extremely effective; and 
weather windows for O&M, the shield effect of the WECs over the combined farm will end on 
increasing the weather windows for O&M to the combined farm, this will end reducing such as 
costs. This saving has been considering bigger for cases 1) and ·3), as the weak area produced 
for the WECs is expected to be bigger than for case 3). 

An analysis of the costs, incurred due to the loss of wave power, was also considered. This loss 
of wave power is due to that the array has been optimized to increase the wake area and not 
the energy production. These costs can be divided in two categories: wave climate, where this 
loss of wave power is due to that the farms has not been optimised for energy production. This 
loss has been considered uniform for all the three cases; and shielding, which is the loss due 
to the reduced performance of the WECs at the inner part of the combined farm caused due to 
the shield effect. 

In summary, and after considering the savings and the costs detailed before, this qualitative 
analysis comes up highlighting case 3) as the one with highest saves and cases 1) and 2) 
shows some similar values, with a slightly higher value for case 1) due to its biggest shielding 
effect. However, if a risk analysis is performed, analysing the risk commented in section II, it can 
be concluded that case 3) it is also the one with higher risks and case 2) the one with the small 
risk. This is due to that in case 2) is used a bottom-fix hybrid device, solution that reduces 
significantly the risks (especially the collision risk). 

V. Conclusions 

This work goes through the synergies for a wave-wind energy concept. As first step, the 
synergies between wave and offshore wind technologies have been presented. These 
synergies are strong and make from the combined wave-wind energy a real alternative. From 
these synergies, the one regarding to the shadow effects should be considered with special 
detail and further research should be conducted to understand the interaction between the weak 
of the WECs within the farm array and the find turbines substructures. 

A number of risks have been identified for combined wave-wind projects. These risks are mostly 
due to the early stage of development of wave energy or for the reduced of experience on full 
scale projects. Even though there are risks, the identified synergies are strong and justify to 
proceed with further research and to set new challenges to make that combined wave-wind 
farms became a reality. 

Three case studies have been proposed to illustrate how the synergies and risks identified 
previously would affect to a combined wave-wind farm. It has been identified that there are 
WECs that are susceptible for combining considering their actual development status. 
Furthermore, for the three case studies analysed has been found that the case number three is 
the most convenient in terms of savings but it is also the one with the higher risk. 
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