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Abstract

Soon, wave energy converters will be anchored in several offshore locations for extended

periods of time, where high wave energy exist. These devices moored in such areas ex-

perience continuous dynamic loads exerted mainly by colliding waves. Therefore, their

mooring system is a fundamental component, which influences overall performance

characteristics through its dynamic behaviour. The mooring component of wave power

devices has been typically analysed and designed by using a simplified static and quasi-

static based approach and thus independent from the design of the floating structure

dynamics. Given the peculiarities of mooring system design and analysis for wave en-

ergy devices, no particular available tools are suitable for analysing and design the

mooring component as an integral active part of the entire moored system. All com-

mercial software and codes available are in fact developed by having in mind different

mooring requirements. Through this project, opportunities to improve entire moored

system design were investigated. This study aimed to consider the potential option

of designing mooring component as an integral dynamic part of the whole wave en-

ergy converter system. An overview of relevant existing studies is delineated, and a

generic methodology, aiming at analysis and design moored wave energy system based

on a fully dynamic approach, is proposed. For showing on how this can be applied,

a particular focus on an Earth-reacting type of wave energy devices is made. Thus, a

numerical code capable of analysing the dynamics, and predict performances of spe-

cific single tethered Earth-reacting wave energy converters, was developed. Through

this code moored devices of any shape under regular or irregular seas’ loads can be
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Chapter 0. Abstract

analysed. Both frequency-domain and time-domain mathematical formulations of the

system considered are resolved by the proposed method. By using the comparison of

numerical predictions with experimental data, the numerical code was validated for

the specific cases of both, a half submerged and a fully submerged, spherical floaters.

The accuracy of the proposed method was quantified. Results showed that the numer-

ical method proposed is accurate, computationally efficient and well validated by the

extensive experimental data, which was beside acquired during this project. Follow-

ing the validation of the numerical tool, this last was used in two case studies. The

outcome of these studies indicated that by using the proposed method, the trade-off

between floater’s immersion depth and mooring load peaks could be examined so that

the optimal system design can be identified. The main advantage of the developed tool,

compared to existing codes, is that this is tailored to the specific case of analysis and

design for Earth-reacting wave energy converters. The new generic methodology pro-

posed showed to be useful and suitable for analysing and design wave energy converters

by including the mooring system as an integral component.
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Chapter 1

Introduction

Along most of the countries facing oceans, it exists an enormous wave energy resource

that can be harnessed. Although nowadays the energy which is being extracted and

converted into a form of useful energy is almost nil. This is due to a series of fac-

tors which are: difficult bureaucracy, political will, social commitment and reliable

technology development. While the first three factors are under the direct control of

bureaucrats, politicians and citizens, the third factor is the one on which engineers,

scientists and technologists have to focus on. To further develop wave energy projects

at a commercial level a series of technological challenges exist. The study exposed in

this thesis focuses on of methods for analysing and design mooring lines for wave energy

converters (WECs).

Due to the nature of wave energy technology, it is of fundamental importance to over-

come technical challenges. Among the principals of these challenges, there is the one

concerning mooring design and analysis. This last is one of the essential research sub-

jects which need to be addressed so that the wave energy technology can reach a level of

maturity regarding commercialisation. Differently that for conventional floating struc-

tures, the mooring system for wave energy applications has significant costs with which

the developer would have to deal. Reducing such costs may not only permit of max-
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imising profit but in some cases would be a requisite for allowing a particular project

to be economically viable. To minimise such costs is required to analyse and identify

potential best mooring designs, in the most accurate way. Due to the characteristics of

WECs, existing analysis methods are not in all cases applicable.

Most convenient wave energy resources are located near coastal countries, at relatively

high latitudes, at relatively deep ocean sites where the most of the wave energy is

present. At these locations the wave power is the highest, meaning that the moored

wave energy converters (WECs), deployed to absorbing such power, experience severe

structural loads. In particular, these loads are primarily due to waves acting on the

floating body part of the WEC, and these loads are then transmitted to the mooring

system. As a consequence, this last is an essential component needed for permitting

the WEC operation, if this fails the WEC would drift away determining substantial

safety issues and economic losses. The mooring component has to counteract loads

which are of magnitudes and characteristics similar to environmental forces acting on

the floating WEC. Despite this, as the mooring loads are determined by the combina-

tion of both environmental loads and loads due to WEC dynamics, it is not an easy

task to accurately estimate and predict these loads. The problem of quantifying such

mooring loads it is an old one, and it has always existed in the traditional offshore

industries for station keeping of ships and offshore structures moored for oil and gas

exploitation. However, substantial differences between the problem of mooring WECs

and the problem of mooring vessels and conventional offshore platforms exist. On the

one hand some of the existing knowledge, can in some ways, be transferred to the new

problem of mooring WECs. On the other hand, due to the peculiar characteristics of

WECs, a new methodological approach is needed.

In general mooring systems for ships and conventional structures, were designed in the

past by putting in practice simplistic static or quasi-static design approaches which as-

sumed the floating structure almost stationary. Due to the nature of WECs, applying

these approaches may not entirely give good design results. Luckily there already exist

other approaches that take into account fluid and structure interaction dynamics; these

2
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are more suitable to be used for mooring analysis and design for WECs. Despite this,

dynamics based methods for the traditional type of methods are in general complex

and only applicable to particular cases. Even if these methods may be applicable in

some cases, these are often complex to be implemented. In the available commercial

software for analysing and design mooring systems for floating structures are imple-

mented these traditional methods. No existing software was build with the primary

aim of analysis and design mooring systems for WECs. As a consequence, there is a

need for practical new methods based on fully dynamic approaches which should be

suited to the particular requirements of the WECs. Focusing on this thought, by this

project a methodology is proposed and is applied via a numerical tool for the specific

case of Earth-reacting WECs.

The above arguments together with the points listed below represent the primary mo-

tivation of this research project.

- There is a need to identifying new mooring system requirements for WECs and

differences with traditional applications.

- There is a need for identifying which conventional theories can be of interest for

mooring analysis and design for WECs.

- Wave energy compared to other renewable energy technologies is costly; thus it

is crucial to optimise the overall system for increasing power absorption perfor-

mances and reducing the overall repayment period. Efforts toward finding the

optimal design of the mooring system have to be made.

- To predict system performances so that financial risk can be diminished and well

quantified. Taking into account the mooring system in the entire system analysis

is essential.

- To develop a code that can be used for the specific case of WECs studies. In

fact, it is often difficult to model WECs systems in existing commercial codes.

Commercial codes in all cases were developed for analysing traditional structures.

3
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Due to radical differences between these structures and WECs, it may be suitable

to start building new codes from scratch. Otherwise, it may be more difficult to

adapt existing codes for modelling moored WECs taking into account all new

mooring requirements.

- To validate the proposed methods with empirical evidence. Due to the peculiar

new problem that needs to be solved, it is essential to prove experimentally the

validity of numerical methods and limitations implemented.

- To provide to others empirical data that can be used to validate other numerical

studies on generic moored WECs.

1.1 Structure of thesis and objectives

Due to the motivation mentioned above and in order to address specific project ob-

jectives reported next, this thesis is structured in six main chapters, these cover: the

review on the topic (Chapter 2); the Earth-reacting wave energy converter numerical

tool (Chapter 3); the experimental work carried out on scale models of point absorbers

wave energy converters (Chapter 4); the verification and validation of the numerical

code (Chapter 5); the case studies (Chapter 6); and the summery and conclusions

(Chapter 7).

From the understanding acquired by reviewing the literature (Chapter 2), it was found

that there is a need to delineate a new methodology for analysing and design mooring

systems for wave energy converters (WECs). The conventional approach for designing a

mooring system for conventional floating structures is not suitable for WECs. Common

practice concerns designing and analysing the mooring system as an added component,

in contrast, for the nature of the WECs it is more suitable to integrate the mooring

system design process into the design of the WEC itself. As a consequence, taking into

consideration new mooring requirements, WECs’ characteristics and other indispens-

able aspects later discussed, the flowchart illustrated in Figure 1.1 was delineated. This
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flow chart represents the proposed methodology for designing and analysing moored

WECs. In practice, a numerical tool can be defined were input factors, represented by

the geometry, the hydrodynamic parameters, the mooring system, the PTO and the

environmental loads, are evaluated. The solution is found by solving a central equation

of motion so that outputs concerning the estimated energy production and estimated

forces can be obtained. One main extra step is required. This concern a validation

task which may also include verification actions. Other two steps may be included,

these concerns fatigue analysis, extreme loads analysis. Depending on the quality of

the outputs, some optimisation procedures, with the aim of optimising the inputs, have

to be done. Thus, the calculations for solving the equation of motion are re-run. The

process is repeated until the quality of outputs is satisfactory. The validation step once

it has been performed does not need to be repeated in every cycle of the analysis.

Figure 1.1: WEC and mooring system integrated design/analysis methodology pro-
posed.
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In order to show a possible way of application of the proposed methodology, this is

applied to the specific case of taut moored point absorber WEC. It was chosen this type

of WEC as this represents a well developed WEC concept. As it will be introduced in

Section 2.3.1 there are various WEC projects of this type which reached a proper stage

of commercial development. Meaning that this type of WEC technology is shown to

be one of the most successful types compared to other types. Another main advantage,

over other technologies, is that taut moored PA WECs can be packed close to each

other; thus the energy extraction from a limited sea area can be maximised. For

these reasons, a numerical tool for this specific type of WEcs was developed, verified,

validated and used for giving an example of how the optimal system design can be

investigated and identified.

Given the above reasons, the work presented in this thesis concerns numerical and

experimental studies on analysis and design of mooring systems for WECs focusing

on Earth-reacting taut moored devices. Supposing that the proposed methodology,

summarised in Figure 1.1, can be a valid solution for design and analysis moored

WECs, the following main PhD objectives were defined:

1. To explore the existing literature on the topic of interest both, from a broader

perspective and with a specific focus on a particular type of WECs.This objective

is addressed in Chapter 2.

2. To develop a numerical tool for practical simulating Earth-reacting wave energy

converters of generic geometry. This objective is addressed in Chapter 3.

3. To develop different experimental set-ups and methods and to accurately simulate

the considered generic Earth-reacting device at hydrodynamics laboratories. This

objective is addressed in Chapter 4.

4. To obtain reliable and repeatable empirical results. This objective is addressed in

Chapter 4

5. To verify and validate the numerical methods proposed. This objective is ad-
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dressed in Chapter 5.

6. To show how the proposed numerical tool could be used to investigate the best

parameters for optimum system design. This objective is addressed in Chapter 6.

These are the primary objectives of the PhD project. Objective 1 it was set for under-

standing the research topic and for gathering all vital information which may be of help

for the understanding the area of study. While Objectives no.2 and no.6 are delineated

to prove the validity of the proposed methodology itself, Objectives no.3, no.4 and no.5

relate to the validation of the numerical calculations. The latter is an important step

required to put into practice the proposed methodology (Figure 1.1).

As a plus, from information gathered from the literature review, it was found to be

important to delineate other extra objectives. These objectives relate merely to the

contributions of this study regarding the experimental study:

- To investigate empirically: the motion response, the axial mooring line displace-

ment, the mooring loads and the power absorption, for the considered device.

- To quantify the uncertainties of the experimental results of the different conducted

experiments.

Both of these two additional objectives are addressed in Chapter 4.

To the best author’s knowledge, for such device in consideration, there are no extensive

published empirical data. For this reason, the first extra objective was set. Differ-

ently, the second extra objective was set to obtain supportive evidence towards the

accomplishment of main Objectives 4 and 5.
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Mooring systems analysis and

design for wave energy converters

In this chapter is addressed the objective of exploring the existing literature on the topic

of interest both, from a wider perspective and with a specific focus on a particular type

of WECs. At first in Section 2.1 a background on the general topics of wave power, on

the mooring systems requirements and on traditional analysis techniques are discussed.

Will follow a generic literature review section (Sec. 2.2), which is independent of the

type of WEC and focuses on previous studies concerning mooring analysis of moored

WECs. A set of valuable references to existing studies describing methods and theory

for WECs mooring systems analysis are reported. The reason why this section was

included is that due to the great rising number of different wave energy devices and

the variety of the possible mooring problems, it is not feasible to delineate general

design methods and procedures for designing and analysing for all different type of

moored WECs. Thus, the main aim of the first part of this chapter is to provide a

broad overview on the subject independently from the type of wave power technology

and type of mooring system. Successively, in Section 2.3 a narrowed literature review

on the specific case of Earth-reacting WECs is exposed. In fact, specific focus on

this type of devices, which concern tight mooring configurations will be made in later
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chapters, thus it was of particular importance to dedicate an entire section to only

this type of WECs. Recent commercial projects concerning these specifics WECs are

briefly described and specific arguments concerning numerical and empirical methods

of interest are reviewed.

2.1 Background

2.1.1 Wave power

The coastal World’s wave power resource is shown in Figure 2.1. This last, provided

by Mørk et al. (2010), indicates annual average net power. It can be said that there is

enough power in waves to provide energy to all world population (Ross, 1995). Consid-

ering these factors and given the high cost of existing wave energy devices, first offshore

wave power farms will be located in nearshore sites at locations with depths less than

200 meters. In contrast, at higher depths, the mooring systems may be too expensive

to be justified for the initial investment. In Figure 2.2 by green, yellow and orange

colours are indicated suitable areas where possible future wave energy farms could be

located.1 As can be seen in this figure North Europe because of available depths and

wave energy potential is a particularly suitable geographical area.

1The depths data was obtained from the Marine Geoscience Data System of Columbia University
and was filtered as per Figure 2.2.
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Figure 2.1: World coastal annual average net wave power resource (Mørk et al., 2010).

Figure 2.2: World’s oceans bathymetry: contour lines for different ranges of depths.

General reviews on the whole theme of wave energy technology were produced by Falnes

(2002) and Falcão (2010). Few books were written on the entire subject. In between,

Falnes (2002) focused on the topic from a mathematical viewpoint, differently Cruz

(2008) proposed a broad picture of wave energy prospectives and related theory by

categorising different topics of interest.

First known attempts of extracting energy from ocean waves were made in 1799 when

a first patent was registered, sequentially inventions started to accumulate. Among

the primary precursors of the modern wave energy research of the last century, there
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are Masuda, Xianguang, and Xiangf (1993), Salter (1974) (Ross, 1995). Through a

scientific approach, they invented the first modern wave energy devices. Many others

followed. The number of invented wave energy devices is consistent and, depending

on the applicability of a particular invention and financial support that was available,

each of these reached a determined stage of development. Nowadays, very few projects

succeed to get at a commercial stage of progress.

In particular, intense research on wave energy was done starting in the late sixties. Af-

ter there was an interruption, this corresponding to an oil price fall. In this period until

about the early eighties, only academical theoretical research was progressing. Sequen-

tially, during lasts decades, various studies, at specific intervals in time, were produced

worldwide. The reason for these is related to the need of inventing new concepts so

to obtain best power extraction capability, reliability, and economic feasibility. In fact,

due to a series of matters such as the harsh environment, unpredicted phenomena,

non-technical issues, the developments of wave energy devices, were often terminated

before reaching the commercial stage of development.

While the world’s wave energy resource is enormous, the wave energy technology is still

very little used; this is due to mainly feasibility issues and due to high technology costs.

For what concern practical matters, many of the episodes reported in the literature,

concern the technical failure of particular components. The mooring system and the

power take-off (PTO) are the most critical components. However while studies on

the PTO are numerous, research on mooring system design and analysis for WECs is

limited.

Diversely, studies on mooring systems for traditional floating structures are many; nev-

ertheless, the application of existing knowledge to the case of wave power devices is not

straightforward. Since past centuries a large number of studies have been carried out,

these mainly relating to research on station keeping of vessels and traditional float-

ing structures used within the oil and gas industry. As mentioned, there are very few

published works concerning mooring systems for wave energy converters (WECs). The
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design approach of wave energy converters was almost entirely focusing on dynamic

models of a particular wave power technology concept, where the mooring system was

treated as an added component. Existing methodologies, for conventional floating struc-

tures, were most of the times applied. Though in the case of WECs, different mooring

system requirements exist. The reason for this is that due to the existence of different

purposes of why a WEC is constructed and utilised, i.e. extracting and converting

mechanical energy held by ocean waves into electricity possibly at a competitive and

feasible price.

2.1.2 Station keeping requirements and categories of devices

There are various ways of classifying offshore wave energy devices, and each type of

WEC has different mooring requirements. In the context of mooring systems analysis,

we can categorise WECs between self-reacting, Earth-reacting, and semi-Earth-reacting

(hybrid) types. Self-reacting devices are those which need mooring lines for passively

and exclusively maintain the WEC in position. For this category, the primary aim of

the mooring system is to keep the floating device into an area defined by a particular

perimeter in a way that the device’s energy extraction performance is not reduced.

The required station keeping system for this type of devices can be referred as a passive

mooring system. In other words, a self-reacting WEC requires a mooring system merely

for conventional station keeping purpose. In this case, the mooring system is typically

not considered an integral component of the entire wave energy capture system. On the

contrary, Earth-reacting devices for their operation require a reactive type of mooring

system that can entirely be considered an inclusive component of the power-take-off

(PTO) system. Diversely, in the semi-Earth-reacting category it can be allocated every

WEC that requires a mooring system which it is not essential to the PTO mechanism

for operation, but in this case, the mooring system is an active component, meaning

that its design affects power extraction performances to some extent.

The main mooring system requirement shared by all three defined WECs categories
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relates to the keeping of the device into a defined area. Thus, permitting that each

WEC is not drifting away, interfere or collide to close devices due to environmental

forces acting on the moored system. For environmental forces, we refer to the action

of wind, currents, and waves. These forces are cyclical stochastic loads, which can be

numerically modelled as a combination of multiple sinusoidal components of different

phases and amplitudes. While for average weather conditions environmental loads tend

to be more regular, for severe conditions these tend to be increasingly more stochas-

tic. The environmental forces can be categorized between low and high frequencies

loads. For high-frequency loads, it is, in general, referred to first order wave frequency

loads. Instead, low-frequency loads are generally referred to those associated with:

wind, marine currents and second order wave drift forces. For normal weather and sea

conditions, the magnitude of loads due to the wind and marine currents is considerably

less than those relative to waves. Thus, considering the scope of this thesis, only loads

due to waves were treated during this project.

In general, the mooring system is a critical component which needs to be very reliable so

that the overall business risk can be reduced. While for conventional floating structures

the mooring system can be considered as a relatively minor cost (3-5 % of overall

structure cost), for a WEC this can be a significant cost (up to 15% of total cost)

(FitzGerald, 2009).

Mooring system design requirements for conventional floating structures are still valid

for wave energy converters; indeed, for these new type of devices, additional require-

ments must also be considered. For the conventional type of floating structures, main

technical requirements concern the creation of a mooring system that has to be: af-

fordable and reliable; made to resist for relatively long operative periods; and designed

to sustain high repeated loads, in particular, when critical extreme environmental con-

ditions exist. For the WECs the following additional topics must be considered for

defining the full list of mooring system requirements:

- The optimal power performance design (optimum mooring system dynamic re-
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sponse and optimum mooring compliance);

- Relatively long system life (over 30 years);

- Minimum maintenance for reducing costs for operation;

- Access for maintenance of mooring systems for single devices deployed in arrays.

The second and third topics represent requirements which concern substantial reduc-

tion of the overall financial cost. In fact for making a wave energy power project viable

in economic terms, and considering that the return period for wave energy farms com-

pared to other renewable technologies usually is extended, the project life should be

lengthened as much as possible. The mooring system should be designed so that this

would last as long as economically feasible before its replacement is needed. At the

same time, for what concern maintenance operations and replacements of single moor-

ing system components, the best mooring design would be the one which requires the

least maintenance, so that overall cost for producing energy is reduced.

As a plus, independently on WEC technology mooring systems special requirements

concern allowing tidal height excursion and installation/removal operations.

2.1.3 Type of mooring systems for wave energy converters

Mooring systems can be of different types. For a full list of the conventional types of

systems reference to Barltrop (1998) is made. In general, we can distinguish between

rigid, tethers and catenary mooring (slack type) systems. While rigid mooring, due to

their cost, can be used for WECs deployed in relatively shallow waters (ca. less than 30

m), tethers and catenaries types of mooring are more convenient for relatively deeper

waters. Putting apart rigid mooring systems that are very design specific, tethers and

catenaries based systems can be of various types. For single or multiple mooring lines

systems a combination of weights and floaters can be used. Elastic or almost inelastic

mooring lines can be chosen for particular WEC type.
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In Figure 2.3 is reported an overview on the possible application of types of moor-

ing depending, installation depth, type of WEC technology and device weight. With

colours are indicated the suitability for the particular type of WEC technology. Light

blue, grey and orange are used to indicate suitable mooring systems for respectively

Earth-reacting, self-reacting, or both types of WECs. This figure was defined based on

information provided by FitzGerald (2009).

Figure 2.3: Scheme showing indicative usage of different mooring systems depending
on water depth and WEC weight. This was constructed by information provided by
FitzGerald (2009)

.

In fact, depending on a specific WEC a particular type of mooring system would suit

more than another. In general especially for self-reacting WECs, common mooring

systems used in conventional floating structures may not be the best option to adopt.

For instance, a simple single mooring line chain would not be suitable to secure a

motion dependent WEC. Precisely, for a self-reacting WEC the extra length of the

mooring line needed to reliable secure on station the device, may dictate high downward

mooring force and this may negatively affect the entire system power performances. As

a consequence, other more advanced mooring system solutions can be considered, and

the complexity of the design analysis may rise significantly.
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Five possible basic mooring lines types are represented in Figure 2.4. The first type of

mooring line (Type A) is a single tether. Tether mooring systems compared to other

types permit of anchoring a floating device into a more constrained area. This system

can be a valuable solution when its required to install as many devices as possible into

a limited sea area. In fact, with this type of mooring, the devices can be moored near

to each other so that more devices can be deployed and the extraction of wave energy

from a limited sea area could be incremented. Despite this, for tether mooring systems

is required that the floater holds extra buoyancy so that a mooring pretension can be

implemented. In this way snatch loads, happening when the tension of the mooring line

varies from zero to large values, are avoided. As the pretension is considerable large,

tether systems also require particular anchors that need to counteract the vertical loads.

As a consequence, gravity based, drag-embedded or simple pile anchors, which usually

are more convenient for large devices moored with a single tether, can be impractical.

The typical solution is to use plate anchors, but the cost involved is higher.

In general, traditional floating structures having tethers as mooring systems are re-

ferred as Tension Leg Platforms (TLP). In order to implement the pretension, the

TLP are designed so that a considerable part of the hull is underwater. Due to the

dimensions of TLP this is possible. in fact given the TLP design and the pretension

implemented, even when most extreme waves collide, no snatch loads usually occur.

However, concerning these floating structures, the WECs are generally of smaller size

and their draft is limited thus for implementing tethers design some differences exist.

Taking into account these reasons and given WECs’s dynamics, for implementing teth-

ers, is required to add, to the mooring line, extra elastic elements. These elements,

e.g. a spring component, are needed so to allow floater motion. The pretension, in

this case, allows an initial extension of these components determining a useful range

for axial mooring displacement.

The second sketch Type B of Figure 2.4 illustrates a simple catenary mooring line. This

type of mooring is normally constituted by a chain which assumes a curve, referred to

as catenary. The shape is defined by its weight and the horizontal pull of the floating
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structure. The chain alone, in this case, exerts a mooring restoring force. It has the

advantage to be very simple. Instead, the main disadvantages are that, due to the

weight of the chain, the floating device is pulled downwards and that the chain for

certain length touches the sea-floor. As a consequence, this may significantly affect

power performance, and it may have a consistent environmental impact on the seabed

Environment. This type of mooring is further discussed in Section 2.1.4.

Types C, D and E of Figure 2.4 relate to configurations normally more suitable for Self-

reacting WECs, these include floaters and weights elements. The main advantage is

that by using these configurations, the mooring line peaks tension may be substantially

reduced. This reduction is possible thanks to the fact that peak loads are dissipated by

hydrodynamic forces acting on these extra floaters and weights components, as these

last moves into the water. Depending on the design, different mooring restoring force

can be obtained. For these configurations, the first segment, usually constituted by a

chain attached to the anchor, does not touch the seabed. As a consequence, the chain

and the Environment are more preserved. Furthermore, such configurations permit

segmenting the mooring line with different mooring line materials. Thus, to a certain

extent, the cost may be reduced. Despite this, extra costs may exist due to long lines.

Besides, as more critical mooring components are added, the overall mooring reliability

may decrease, e.g. as when extra shackles for connecting segments are added.

The main advantage of configurations indicated by Types C and D to the simple cate-

nary mooring (Type B), is that the extra floater element due to its buoyancy it coun-

teracts the vertical downward load due to chain weight. Despite this, the extra floater

as it floats (Type C) may dissipate some of the wave power from an upstream position,

thus affecting the power capturing performances of the device. In contrast in Type D,

the floater is submerged, so that in this case the device is not covered by this floater

element, thus preserving part of the power in waves which would in case of Type C been

missed. Instead, Type E compared to Type D varies by an extra weight element. With

this last configuration, more compliance can be given to a moored WEC, in this way

radically reducing loads at the anchor. Despite this, the space required for mooring
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Figure 2.4: Common types of single line mooring systems suitable for WECs. Gray
and black circles represents floaters and weights

and the cost would substantially increase.

2.1.4 Conventional theory review

In this section a brief discussion on fundamental mooring analysis theories used for

standard floating structures is present. More extended literature review on the specific

topics of mooring analysis and design for different WECs types and taut mooring line

configurations can be found respectively, in Sections 2.2 and 2.3.

First traditional step in the design process of a mooring system are static calculations.

In this case the floating structure is assumed to be stationary. For instance considering a

single catenary mooring line (as represented in Figure 2.4 Type B), the shape and design

parameters can be initially estimated by static calculations. Ignoring hydrodynamic

forces acting on a slack chain and assuming the chain is inelastic, we can derive the
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following equations. These represent the static equilibrium configuration of a single

line (Chakrabarti, 2005; Journee and Massie, 2001).

s =

(
TH
w

)
sinh

(
wx

TH

)
(2.1)

T =
w(s2 + d2)

2d
(2.2)

Tv = ws (2.3)

TH = Tcosφw (2.4)

where, s is the length of suspended line, w is the submerged line weight per unit length,

x is the horizontal displacement of the moored device, d is the water depth, Tv is the

vertical component of the line tension (at the top end), TH is horizontal component of

the line tension (constant along the line) and φw is the angle between a tangent line,

at any point, and the horizon.

In order that the catenary mooring line is operating effectively, this need to be long

enough. For the simple case of a single catenary line (e.g. chain) the vertical compo-

nent of the tension at the lower end needs to be zero. In fact, for anchoring issues,

counteracting the horizontal pull instead of the vertical pull is more convenient. This

solution is possible by using a catenary mooring. With the increase of environmental

forces acting on the floating WEC, the catenary mooring line shape will be less curved,

until the chain is all lifted. This latter case has to be avoided otherwise load at anchor

may drastically increase. As a consequence, the anchor’s stability may be compro-

mised causing mooring failure and drift. For having a reliable design, the length (s)

and weight (w) of the catenary line need to be increased. For this reason, the horizontal

distance, between the anchor point and the floating structure, usually is in the range

of 5 to 20 times larger than the water depth (Chakrabarti, 2005). Despite this, the

available areas for wave farm are limited, thus having such long catenary lines may not

be the best solution for optimally mooring many devices close to each other. Other

solutions may permit of moor more devices in such limited areas.
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Previous equations assume that the catenary line is inelastic and this may be a limiting

factor. Either for precisely considering elongation or for entirely design a new slack elas-

tic mooring line, further mathematical terms should also be taken into account. In the

simple case of a single chain, the length of the slack mooring line become L = L0 + ∆L0,

where L0 is the initial cable length and ∆L0 is the increment in length due to increased

tension during operation. The static solution for single or multiple elastic lines can

be found by discretisation of the line and by using numerical procedures, such as the

Regula Falsi (Journee and Massie, 2001).

Another method consists in applying the quasi-static approach; this assumes that the

floating structure is slowly moving, only horizontal displacement is considered. As for

the static analysis, in this case, all dynamic effects of floating structure mass, structural

damping and hydrodynamic damping are neglected. This approach leads to acceptable

results for shallow water cases and when the motion of the floating structure is limited

(Mavrakos et al., 1996). Assumptions related to this approach may normally be justified

for large floating structures when fatigue analysis need to be performed, only for normal

sea conditions.

The next step relates typically to analyse the moored structure by a dynamic approach.

In general, the advantage is that the methodology entirely captures the mooring system

and the floating structure dynamics. In this case, all dynamic effects of structure

mass, added mass, structural damping, hydrodynamic damping and structure-fluid

interactions can be included in the analysis.

When a dynamic approach is implemented, the mooring system can be modelled in dif-

ferent ways. For fully estimate coupled dynamics of the WEC-mooring system complex

time-domain based methods and mathematical formulations, taking into account mul-

tiple DoFs, were developed by many authors. For instance, reference is made to Ran,

Kim, and Zheng (1999) who compared their coupled dynamics approach to quasi-static

results; to work carried out by Idris, Leonard, and Yim (1997) related to the analysis

of a tethered buoy systems; and to the model proposed by Pascoal et al. (2005) for
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coupled motion analysis of a structure and its mooring system. More in details, for

high sea-states and high depths, due to drag forces induced by waves and currents on

mooring lines, the dynamic tension may increase considerably and results obtained by

a quasi-static model are generally not sufficiently accurate. A method was invented by

Van Den Boom (1985) which consist of the discretisation of a mooring line by seeing it

as multiple elements each constituted by concentrated mass and an ideal spring with

no weight. As shown in Figure 2.5 N elements ideally discretise the mooring line. A

spring and mass form each element and eventually by an extra spring and a damper.

Elements of the line which are permanently or temporarily in contact with seabed also

comprehend a bottom spring and damper which are needed to simulate the effect of

bottom friction. In brief, the method consent of applying a constraint of dynamic equi-

librium to each mooring line element and consequently a set of equation of motions can

be formulated. Successively a time-domain solution scheme, usually using finite differ-

ence methods, can be adopted for integrating the equations of motion. By increasing

the number of elements used for discretisation more precise line dynamics results can

be computed. Despite this, for improving line dynamics results, thus increasing results

precision, the following further aspects are also fundamental to consider: accurate eval-

uation of the dynamics of the floating structure, estimation of environmental forces,

also including viscous effects on floating structure and mooring system. More recent

work based approaches, based on the discretisation of mooring lines, was done by

Raman-Nair and Baddour (2002) and Hall and Goupe (2015). Similarly, Lau, Ji, and

Ng (1990), Ran, Kim, and Zheng (1999), Aamo and Fossen (2000), Yang et al. (2012),

and Gutirrez-Romeo et al. (2016) studied and developed methodologies focusing on the

finite element method.

However, these methods were usually developed and applied for designing complex

mooring systems for large traditional floating structures to be moored in deep waters, so

with substantially different requirements concerning WECs. In general, these methods

may provide precise results, but are in general quite complicated to implement.

In the case of WECs due to their characteristics dynamic based methods compared to
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Figure 2.5: Discretization of mooring line by N elements (Van Den Boom, 1985).

other mentioned methods are more appropriate. In the next subsection is explained

why fully dynamic methods are more suitable to be used for moored WECs analysis.

2.1.5 Advantages of fully dynamic methods

Due to WECs’ peculiar characteristics concerning traditional structures, fully dynamic

approaches for analysing moored systems are far better suited. In fact, WECs are in

general small structures, and their mass usually is much less than the one of conven-

tional structures. Besides, most of WECs for operation require mooring compliance.

Meaning that the motion of WECs is relatively much more compared to traditional

cases. Thus, in order to quantify the mooring loads, it is essential to take into account

also the floating device dynamics. In contrast, if static or quasi-static methodologies

are implemented these may lead to results which would be not very representative of

the problem analysed.

A further point concerns that, given to the nature of WECs, concerning the mission of

absorbing wave power, during the design process it is essential to estimate the power

absorption in the most realistic sea model. Fully dynamic codes allow modelling the
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device in a way which is more representative of the real life. These codes permit of

including the dynamics of the floating WEC into the numerical simulation, as a conse-

quence the effect of the mooring restoring force over the power performance prediction

can be correctly included. Without using dynamic approaches, power absorption esti-

mation may be incorrect.

When dynamic approaches are implemented, more effects can be taken into consid-

eration. In this way, results are more accurate. For instance, the transient effect of

the mooring restoring force can be analysed only with fully dynamic codes. Similarly,

when dynamic approaches are implemented, usually, it is possible to include the effect

on dynamics due to nonlinear power-take-off (PTO) systems.

For the specific case of Earth-reacting WECs, it is even more important to use fully

dynamic approaches. The first reason for this is that the mooring system for such

WECs is an active component. As an active component, this last can be analysed

as an integral part of the device. Solving the equation of motion of the entire system

including the mooring component is essential for obtaining predictions related to floater

displacements, structural forces, power absorption and mooring loads.

As in later chapters, particular focus will be made on Earth-reacting WECs, in later

Section 2.3, studies and methods concerning fully dynamics methods to be applied on

this type of devices, are more in-depth treated.

2.2 General literature review

In this section, a general literature review concerning the broad topic of analysis and de-

sign methodologies for mooring system of wave energy converters is presented. Previous

work concerning all types of WECs is briefly reviewed. In contrast, a specific literature

review only on Earth-reacting type of WECs and on taut line studies is described in

Section 2.3.
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2.2.1 Self-reacting and semi-Earth-reacting wave energy converters

For what concern studies on mooring systems for self-reacting and semi-Earth-reacting

WECs, often combinations of catenaries, floaters, sinkers, and tethers were considered.

Few researchers approached the theme by aiming at finding general solutions, providing

guidelines and proposing methodologies for analysing and design mooring systems.

Harris, Johanning, and Wolfram (2004) presented a discussion on which mooring system

configuration can be more suitable depending on the type of wave energy technology

considered. Similarly, Johanning, Smith, and Wolfram (2006) proposed a preliminary

mooring design methodology for different types of offshore WECs. Again, Johanning,

Smith, and Bullen (2007) focused on the damping effect of the mooring system affecting

WEC performances and found that by implementing a quasi-static approach, good

results can rarely be obtained. In a more general way, Fitzgerald and Bergdahl (2008)

presented a method for the assessment and analysis of mooring configuration for a

generic WEC. Diversely, Bachynscki, Young, and Yeung (2012) through a frequency-

domain analysis, taking into account irregular wave loads and wave statistics, studied a

cylindrical moored WEC; and Gilloteaux and Ringwood (2009) studied, through time-

domain analysis, the effects of wave directionality on a generic point absorber connected

to a catenary mooring system formed of four lines.

2.2.2 Experimental studies

Many experimental studies on WECs were undertaken, these most of the times did

not include the mooring component. The reason for this concerns complexities in

manufacturing the mooring component at laboratory scales. As a consequence, the

mooring component if present was usually simplified. In fact, when the effect of the

mooring system was taken into account, most of the times, this was done by using

springs or elastics, which merely kept the WEC in position.

Only a limited number of studies were focusing on empirical work specifically on moor-
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ing systems for WECs. Johanning, Smith, and Bullen (2007) conducted numerical

simulation and performed water tank experiments at 1:10 scale. Differently, at real-

scale, Vickers and Johanning (2009) performed experiments for assessing single chains

to be used for a WEC-mooring system. Krivtsov, Linfoot, and Harris (2012) empiri-

cally studied the effect of the shape and size of a mooring cable by looking at forces

exerted by this component to the WEC. More recently, Harnois et al. (2015) validated

a numerical tool including a compliant mooring system made of multiple sections and

lines.

For a specific review on experimental studies on taut moored devices refer to Sec-

tion 2.3.4.

2.2.3 Mooring systems for specific wave energy converter designs

Almost all early research on wave power focused on wave power hydrodynamics and

PTO technologies. However, very few published studies exist which also deal with

the mooring system. One of the few exception concern work related to the Edinburgh

Duck. This device concept was extensively developed in both, empirical and theoretical

ways. For the Edinburgh Duck invented by Steven Salter, various optimisation methods

and mooring configurations were studied. In particular extensive work was carried out

from the seventies to the eighties, during the Edinburgh Wave Power Research Program,

and in the nineties aiming at systematically improving the Duck WEC (EWPP, 1987;

EWPP, 1984; Young and Pollok, 1985). Initially, the PTO was actuated only by the

pitching motion; thus the Duck may have been considered an Earth-reacting type of

WEC. Later, by introducing the gyroscopic PTO, the device became of self-reacting

type and progressively more complex options were explored by Young and Pollok (1985).

Extracting energy from different degrees of freedom by including added stiffness to

peculiar DoFs and complex control was further investigated by Pizer (1994). An

extensive mooring study was also performed for an Edinburgh Duck to be deployed with

a spine mooring configuration (EWPP, 1986). The experience gained from studies on
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the Edinburgh Duck demonstrates that advanced control of motion can lead to excellent

results regarding efficiency. Compliance and stiffness determined by the mooring lines

affecting the entire coupled WEC-station keeping system are key factors.

With recent new interest in wave power, mainly in the private sector, various researchers

focused on mooring systems design and analysis during wave power projects of par-

ticular WEC. Fonseca et al. (2009) studied a mooring system with synthetic ropes

for a double-body device named Flow WEC. During the same period, Fitzgerald and

Bergdahl (2009) analysed a rigidly moored articulated tower WEC in shallow waters.

Later Muliawan et al. (2011) analysed the effects of different mooring lines and PTOs

configurations on the Wavebobs WEC performances. Differently, Elwood et al. (2011)

estimated energy production of a taut moored dual-body WEC using a model cre-

ated with the Orcaflex (Orcina Ltd.) software and performed water tank experiments.

Parmeggiani, Kofoed, and Friis-Madsen (2011) studied mooring loads for the Wave

Dragon WEC, which is a semi-Earth-reacting type of device. Different types of mooring

systems for a oscillating water column (OWC) type of offshore WEC called Seabreath

were analysed by Martinelli, Roul, and Cortellazzo (2012) who proposed a mooring

design method and performed experimental tests.

2.2.4 Arrays of moored wave energy converters

Single stand-alone devices can provide limited power and studies have confirmed that

increasing size of an offshore floating WEC is not always beneficial. Independently of

the type, in almost all cases multiple devices can extract more energy for a less capital

cost. Thus, a well-designed mooring system for arrays of particular WEC may in a first-

place enable the considered technology to be economically viable rather than make the

overall cost to be reduced. Furthermore, an optimal mooring system can allow the

entire structure to be advantageous in financial terms especially for deep ocean sites

(refer to Figure 2.2 for world’s oceans bathymetry). Nevertheless is almost inexistent

the number of studies on arrays of WECs and mooring systems for multiple devices
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configurations. In between the few exemptions there is the work of Vicente et al. (2009),

who from a theoretical perspective studied the interactions between, firstly three and

after seven, point absorber WECs, by formulating and solving the problem written in

a frequency-domain formulation; and there is the study of Gao and Moan (2009) who

investigated the topic concerning WECs arrays by performing a set of experimental

tests.

2.2.5 Design for extreme conditions survival

Other authors focused on mooring lines analysis aiming at evaluating extreme environ-

mental loads. In particular, Gao and Moan (2009), by concentrating on survivability

issues, studied mooring systems for multiple WECs in an array configuration. Parmeg-

giani, Kofoed, and Friis-Madsen (2011) studied extreme mooring loads for the Wave

Dragon WEC for implementing a survivability mode strategy. Through a set of ex-

perimental tests Hann, Greaves, and Raby (2015) focused on snatch loads due to wave

groups acting on a point absorber WEC moored by a single tether.

2.2.6 Reliability and efficiency

Fatigue analysis and efficiency are two critical aspects of WECs design. Usually the

more a WEC is efficient regarding power extraction performances, the more WEC’s

components are under fatigue. In order to limit the cost of energy production and to

make this cost competitive with other renewable energy technologies, WECs to have

to be designed to sustain life at sea of at least c.a. 30 years. This lifetime usually is

more than the designed lifetime for conventional floating structures.

Fatigue and system failures prediction

Available methodologies and standards for mooring systems design, of conventional

floating structures, concern the use of high factors of safety. In most cases, these high
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factors were applied due to risks concerning human life losses and due to probable

environmental disasters. Both risks existing because of the possibility of accidents

which may be caused by a failure of the mooring system. In the case of WECs, these

factors may not be suitable to be applied. The main reasons for this are that WECs are

unmanned and that the risk of an environmental disaster is negligible. In fact, WECs

when functioning does not require operators on board, technicians need to access WECs

usually only for maintenance during safe weather conditions. Thus no significant direct

risk to humans on board WECs exists if the mooring system fails. Besides, even if

a failure generally occurs the marine Environment may be very little impacted. For

instance, while the environmental impact due to an oil spill incident usually is an

enormous disaster, the impact on the Environment due to a failure of a WECs, in

comparison, is of little concern. As a consequence with respect to traditional structures,

substantial differences and minor risks have to be taken into account. In the case of

mooring failure a WEC would drift away this would determine safety concerns for

marine traffic. To partially overcome this possible issue, practical solutions can be

implemented. For example: to immediately alarm competent people so that they can

soon intervene, and to track drifting devices with available technology. In other words,

it is maybe worth finding new safety factors to be applied, new fatigue prediction

methods and new standards to be developed.

Compared to traditional structure it remains essential to predict fatigue of WECs’

components. The main reasons for this concern the estimation of financial uncertainties

and other different relatively minor safety risks. Main WEC critical components which

would produce substantial economic losses are the PTO and mooring systems. Thus

long and short terms fatigue predictions for these components are still essential. The

WEC’s design life is typically set around 30 years which compared to traditional floating

structures is a long operating period at sea. Besides, due to the new characteristics of

WECs, mainly concerning their dynamics, it would be sensible to develop new fatigue

predicting methods more suitable to analyse WECs and their mooring systems.

In this area of study Thies, Smith, and Johanning (2012) applied the Bayesian statistical
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framework for identifying magnitudes and types of significant uncertainties of generic

moored marine renewable energy devices. Afterwards Thies et al. (2014) defined an

approach for the prediction of the fatigue life of mooring lines when data from sea trials

are available.

New materials and mooring components

Given the peculiar mooring system requirements of WECs, recent research focused on

new materials. In general, mooring lines can be made of steel, synthetic ropes and

organic fibres (Weller et al., 2013). Few materials for manufacturing mooring lines for

offshore marine renewable energy devices were investigated by Ridge, Banfield, and

Mackay (2010) and Weller et al. (2015) who evaluate mooring lines made of synthetic

fibre ropes. They performed fatigue tests, measured strength, and stiffness for various

types of cables. Cost comparisons were presented, and they concluded that nylon ropes

could be an enabling technology rather than just another economically feasible option.

Novel types of mooring cables were recently developed. Gordelier et al. (2015), intro-

duced the ’Exeter mooring’ made with an elastomeric core. Similarly, Thies, Johanning,

and McEvoy (2014), present a mooring component with an elastomeric part and pecu-

liar thermoplastics compressive elements.

Dynamic positioning

Regardless of the WEC technology, it is reasonable to design an active dynamic con-

trolled (slow motion) type of mooring system (Harris, Johanning, and Wolfram, 2004).

For instance, a new type of active mooring system which changes mooring cable proper-

ties (damping and stiffness) to desired values was developed by Luxmoore et al. (2016).

In general, it is proposed that for WECs station keeping system design, three exist-

ing concepts are worth to be investigated. The first (Figure 2.6 Type A), concerns

the strategy of tuning the mooring length of an Earth-reacting WEC so that this is
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submerged at variable depths. Consequently, the environmental forces acting on the

floating structure are reduced, mooring line loads are limited, and energy extraction

is increased. For example, if lowered at a certain depth, a point absorber WEC can

continue operating even when extreme sea states occur. In fact, during extreme sea

states, the mooring line tension dramatically varies in short time frames and presents

the highest possible peaks. In the worst case snatch, loads can happen. These lasts

represent sudden extreme variations of the mooring load. In the case of taut moored

WECs, snatch loading may occur when lines go slack or when end-stops terminate the

axial mooring displacement. During snatch loads, in particular, mooring components

experience dynamic loads amplified up to several times the usually applied tension. By

implementing the mentioned concept (Type A) peaks of the mooring tension can be

reduced and thus snatch loads can be avoided. Furthermore, the mooring system can

be tuned for ensuring optimal operation during different tidal heights. On the other

hand, if the floater is submerged below the free surface, a significant disadvantage is

that the floating structure should withstand high external pressures, similar to sub-

marines. Also, extra expensive components such as winches need to be included. Thus

significant extra costs needed to strength floater’s structure and for other components,

do exist. The use of active winches in some cases may be justified but, apart from the

fact of introducing extra critical components, the implementation of these would add

further complexities to the entire system. Active winches for their operation, even if op-

erated at low speed, would require suitable power source available on WECs. Besides,

these components would require extra maintenance. For self-reacting WECs, another

active controlled mooring systems can be considered (Figure 2.6 Type B). This concept

regards the strategy of automatically elongating or shortening one or multiple slack

mooring lines by keeping the device in surface. In this case, during extreme weather

conditions, the mooring cable can be extended and therefore loads at anchors and fair-

leads are reduced. A third concept (Figure 2.6 Type C) concerns the increment of

energy extraction (for wave direction dependent WECs - both Earth and self-reacting

devices) by tuning the mooring system so that the WEC is optimally facing incoming

waves. Mainly, due to the interference of current and wind, particular WECs designs
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Figure 2.6: Active mooring system concepts. In red are shown the lines which varies
length automatically.

may not optimally orientate to the dominant direction of incoming waves which allows

these systems to obtain the designed absorption efficiency. For this purpose, in the case

of using active mooring systems, some mooring lines are shortened and other elongated

by an automatically controlled winch, implying the WEC to be oriented so that annual

energy extraction could be maximized.

The extra costs involved for extra components needed for dynamic positioning in some

cases may be justified. The reasons of this are: the possible increment of system

efficiency; the possibility of keeping the device in operation also during severe sea state

during which otherwise the device would be set on idle; and possible reduction on

maintenance costs concerning standard mooring components if the implementation of

dynamic positioning systems would give benefits in terms of reducing fatigue. Thus the

amortisation period of the entire system cost, when these extra components are added,

may in some cases be reduced.

2.3 Specific literature review

In this thesis in next Chapters 3 to 6 particular focus on an Earth-reacting point

absorber is given, thus this section is dedicated to the review of WECs theory concerning

such type. A specific review, on only theoretical and experimental matters related to

the studied taut moored Earth-reacting device, is presented here. In this section is also

exposed all relevant information needed as background requisites for approaching later
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chapters.

2.3.1 Commercial Earth-reacting devices: recent projects

At present, there are various existing Earth-reacting WECs projects under develop-

ment. Here next are briefly described four taut moored Earth-reacting WECs which

are between the most developed at a commercial stage. These are named: the Seabased,

the Ceto, the BOLT Lifesaver and the CorPower. The WECs discussed are illustrated

in Figure 2.7.

Figure 2.7: The Seabased (A), the Ceto (B), the CorPower (C) and the BOLT Lifesaver
(D) WECs

The Seabased is a bottom-referenced heaving buoy WEC, the Seabased industry AB

company developing this device is based in Sweden and, at present, has active projects
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in different worldwide locations. The Sea-based device is shown by Letter A in Fig-

ure 2.7. This consist of an axisymmetric floating structure connected at its centre

through a mooring line to a fixed unit which stands on the sea floor. The fixed unit is

formed by a steel hull where inside is located the power-take-off (PTO) system. The

PTO consist of a linear generator which is activated by the mooring line thanks to the

pull of the moving floating structure.

Similarly, the Ceto device is a bottom-referenced submerged heaving buoy WEC. The

buoy, in this case, is fully submerged, as illustrated by Letter B in Figure 2.7. This WEC

is currently in development in Australia by Carnegie Clean Energy Limited. It works

similarly as the Seabased device, but in this case, the PTO system is hydraulic. Also for

this device, the floater is connected to a fixed unit by a taut line. The hydraulic system

is located in the floater. As hydraulic pumps are activated by the movement of the

floater, wave energy is converted in mechanical energy in form of high-pressure fluids.

Depending on the type of Ceto device the extracted mechanical energy is converted into

electricity through turbines or this form of energy is used for desalinisation of seawater.

The third WEC indicated in Figure 2.7 by the Letter C is the CorPower device. The

concept, in this case, is similar to the previous WECs. The floater also, as previously,

is connected to the sea floor through a taut mooring line. The PTO system, in this

case, is a mechanical drivetrain with a pneumatic element. The linear heaving motion

is converted into rotation by the PTO system. This PTO system, also, includes a phase

controller, this is needed for improving the WEC performances.

Slightly different is the BOLT Lifesaver point absorber WEC developed by Fred. Olsen

BOLT Sea Power in Norway. This WEC, as indicated by the Letter C in Figure 2.7, is

formed by a circular floating structure where over this all machinery is allocated. This

device is connected to multiple tethers. While most of the tethers are needed only for

mooring the structure, three tethers are connected to three independent PTO rotatory

systems. These systems operate independently, meaning that if one fails the others are

not compromised.
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2.3.2 Theoretical work on Earth-reacting devices

In general, for the case of Earth-reacting devices, designed to be deployed in intermedi-

ate deep waters, tethers mooring lines are usually a requisite. Advantages of using this

type of mooring system are mainly that this may be the most cost-effective solution

and that this allows for installing multiple devices in a limited area compared to other

mooring options. Only moored Earth-reacting WECs are discussed here; however, do

exist other types of Earth-reacting devices which are rigidly connected to the seabed.

These lasts are not treated in this thesis. Here next only recent studies on moored

Earth-reacting point absorber WECs will be briefly summarised.

In order to analyse the Earth-reacting WEC-mooring system dynamics, mathematical

models were often developed where the mooring component was normally considered

as an integral part of the WEC. All these devices are similar in the way are activated,

i.e. thanks to the reaction given by taut lines fixed to seafloor.

Cruz and Sarmento (2005) analysed a submerged dimension-changing moored sphere,

firstly by frequency-domain analysis and after through a time-domain formulation. By

comparing the two types of analysis, they found that the frequency-domain calcula-

tions were leading to acceptable results only for cases where small period waves were

considered.

Mavrakos and Katsaounis (2005) developed a mathematical model of a generic tightly

moored point absorber including a hydraulic mechanism as PTO. The hydraulic PTO,

in this case, pressurises a fluid into a reservoir which is used as an accumulator. Then

the fluid at high pressure flowing out from the reservoir drives an electric generator at

a constant speed. The floater considered was cylindrical and was moored by a single

tether. A time-domain analysis, taking into account five degrees of freedom and the

cable tension unknown, was carried out. Wave exciting forces were formulated by exam-

ining frequency-dependent first-order wave loads. Also, viscous forces calculations were

included in the mathematical model, but it was discussed that these were negligible.
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An analogous model was then implemented by Mavrakos, Katsaounis, and Apostolidis

(2009), for assessing different floaters geometry.

Similarly, Vicente, Falcão, and Justino (2013) studied another tightly moored single-

body point absorber (PA) by frequency-domain and time-domain analysis. The same

theoretical PA was after taken into consideration by Spanos et al. (2016), who empha-

sise the difficulty of modelling such a system in two DoFs and developed a statistical

linearisation technique to analyse the system for extended time frames. Particular focus

on this device is given in later chapters of this thesis.

2.3.3 Dynamic based methods

As previously discussed fully dynamic methods are more suitable for numerically anal-

yse and design moored WECs. These can be categorized into two main types: potential

flow and computational fluid dynamics (CFD) based methods. This distinction manly

concern the way hydrodynamic forces acting on the WEC device are calculated. All

available modelling methods are those which were developed from studies on mod-

elling traditional floating structures and vessels hydrodynamics. These two types of

approaches are consistently diverse. Due to the type of physical problem in question,

i.e. modelling an Earth-reacting WEC, the potential flow approach was assumed to

be the most suitable to be used for this project. Thus, in this thesis, only the poten-

tial flow approach is discussed. The reason of this is that the potential flow approach

for the problem considered is considered reliable for normal operating conditions and

demands limited computational cost. However, CFD methods may be better suited

for investigating other essential phenomena such as extreme loading conditions due to

nonlinear hydrodynamic effects, nonlinear hydrodynamics of complex structures and

viscous forces. The CFD methods concern of solving the Navier-Stokes equations,

where all nonlinear hydrodynamics effects can be captured.

In order to put in practice a dynamic based method the equation of motion of the entire

moored system has to be identified. This equation is derived from Newton’s law and
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can be defined as Equation 2.5 (Wilson, 2003).

[Mi,j(ω) + Ai,j(ω)]ẍj + [Bi,j(ω)]ẋj + [Ki,j ]xj + Fptoj (ω) + Fmj (ω) = Fej (ω) (2.5)

Depending on the degrees of freedom (DoF) to take into consideration and on system

symmetries, Equation 2.5 can be subdivided in some j coupled or uncoupled differential

equations. For a vessel, normally 6 DoFs are considered, in this case, three differen-

tial equations concern translational (surge sway and heave) motions, and other three

equations concern rotational (roll, pitch and yaw) motions. However, depending on

the case less or more DoFs can be studied. xj is the coordinate vector, and one or

two over dots denote respectively the velocity and acceleration vectors. In order to

study the motion of a floating structure Equation 2.5 needs to be solved for finding

these last vectors. While Mi,j , Bi,j and Ki,j are, respectively the mass, damping and

stiffness matrices, which are normally constant over time. The mass matrix Mi,j and

Ai,j are the mass of the floating structure and the added mass matrices. The added

mass is needed for taking into account the inertia to be added to the system, thus to

include forces acting on the structure due to the induced acceleration and deceleration

of the surrounding volume of water. The damping matrix Bi,j represents the radiation

damping. The radiation damping exists due to the waves which are generated by the

movement of the floating structure. The stiffness matrix Ki,j includes the hydrostatic

stiffness. The PTO system forces are indicated by the term Fptoj , depending on the

type of device these can concern multiple DoFs. In the Fej can be grouped all mooring

system restoring and damping forces. Fej represent all environmental forces due to

waves, current and wind.

The Equation 2.5 represent a complex fluid-structure interaction problem. The main

difficulty in solving such equation is related to the aspect of modelling the hydrodynamic

forces acting on the floating structure. These forces depend on also the motion of

the floating structure. Different solutions methods exist. The complexity of these
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solutions increases when severe sea states have to be better modelled and when the

higher accuracy is required. For normal sea conditions, a solution based on solving the

hydrodynamic forces over the mean wetted hull surface is possible. For this solution

in a first instance, the hydrodynamic forces are calculated by solving the radiation and

diffraction potentials for the free-floating structure. For solving these potentials, the

boundary element method is implemented. In this way, the essential hydrodynamic

coefficients are obtained. These coefficients are then applied to the equation of motion

so that hydrodynamic forces can be evaluated. Thus the boundary element method

implementation is an important step. This step is often performed by using specific

available codes. In later Subection 2.3.3 the Nemoh code, used during this project, is

described.

Optimally, Equation 2.5 can be solved in time-domain where impulse-response functions

can be included to simulate the more realistic behaviour of the WEC motion and, in

this way, better predict mooring loads. Otherwise, this equation can be solved in the

frequency domain, therefore results describing the WEC -mooring system at a resonance

condition can be obtained. However, in this latter case, the transient loads due to the

mooring system cannot be studied. In fact, when the frequency-domain approach is

implemented, the motions of the device and the loads acting on this are assuming to be

varying as a simple single sinusoidal pattern. Thus, when the frequency-domain analysis

is applied, usually, only the effect of first order wave loads can be evaluated. However,

in particular for mooring system analysis, second-order wave loads are required to

be taken into consideration. These last determine complex floater oscillations which

cannot be analysed by the frequency-domain approach only.

Potential flow approach and Nemoh

For implementing a dynamic based method, as previously discussed, it is required to

evaluate hydrodynamic forces. Within this project, this task is performed in part with

the aid of a boundary element method. This method is based on the potential flow
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approach.

For the potential flow approach, the flow is assumed to be irrotational and incompress-

ible. The flow is described by a velocity potential defined as Φ(X, t), and this can be

found by solving the Laplace equation (Eq. 2.6).

∇2Φ = 0 (2.6)

Finding an exact solution of the Laplace equation can be a very difficult task. Assuming

waves are linear, the linear wave theory can be used for defining kinematic and dynamic

boundary conditions. In practice, various relations have to be derived for taking into

account the boundaries of the fluid under study. These boundaries are the seabed, the

free surface interface and the surface of the floating body.

Once the velocity potential is solved, the hydrodynamic forces can be estimated. The

total hydrodynamic force acting on a floating body is the sum of wave radiation, wave

diffraction and Froude-Krylov components. The wave radiation force can be defined as

Equation 2.7.

FR = AẌ + BẌ (2.7)

where A and B are respectively, the added-mass and added-damping or radiation

damping coefficients. While AẌ represent the inertia to be added to the system for

taking into account the surrounding water moving with the floating body, the wave

radiation force BẌ represent hydrodynamic forces acting on the body due to generated

waves by the movement of the body. Both A and B coefficients depends on the floating

body geometry.

The total wave excitation force is composed of the Froude-Krylov force and wave diffrac-

tion force. This total force can be found by solving Equation 2.8.
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Fe = FFK + FDF =

∫
SW

∂(ΦI + ΦD)

∂t
nds (2.8)

Where ΦI+ and ΦD are the incident wave velocity potential, and the diffraction velocity

potential. The integral in Equation 2.8 needs to be solved for the wetted surface of the

body which is indicated by SW .

Many studies exist on solving the velocity potentials for basic geometries with analytical

methods. For instance: Newman (1963) by using Haskind relations calculated wave

forces acting on fixed ellipsoidal shapes; Hulme (1982) estimated wave forces acting on

a floating hemisphere oscillating in waves; similarly, Wang (1986) and Swaroop (2004)

calculated forces and motion concerning submerged spherical bodies in waves. These

studies concern only some elementary shapes such as cylinders or spheres. Despite this,

these studies at times are beneficial, as the results provided can be used for initially

validating numerical calculations.

For solving the potential flow for more complex geometries and for multiple bodies

the boundary element method (BEM) can be used. This method was developed for

conventional floating structures and vessels over many years. It concerns solving the

flow velocity potential through a numerical approach.

In Chapter 3, the added mass and the radiation damping coefficients and the diffraction

forces were calculated by using the Nemoh code which is based on the boundary element

method. This code was developed at the Ecole Centrale de Nantes for more than thirty

years (Babarit, 2014). The Nemoh code is an upgraded version of the AquaDyn code

initially developed by Delhommeau (1987). The Nemoh code is capable of solving

the diffraction-radiation problem which concerns floating structures (with no forward

speed) interacting with water waves, to the first order solution (of a boundary value

problem). The main peculiar characteristics of this code compared to other similar

codes (e.g. WAMIT, Diodore, DIFFRACT, Hydrostar, Aquaplus) are that this is

particularly suitable for wave power applications and that, at present, this is unique
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because it has been released under the terms of an open source license (Babarit, 2014).

Following the potential flow assumption, in the Nemoh code, the fluid is modelled

by assuming that: this is irrotational; the continuity equation is valid, and the only

considered external forces are due to the presence of gravity.

In mathematical form, these assumptions can be described as following:

Inviscid fluid: ν = 0

Meaning that the viscosity of the fluid is assumed nill.

Irrotational fluid: ∇× ~V

Meaning that it is assumed that all elements of the fluid do not rotate with respect to

a specified coordinate system.

Incompressible fluid: ∇~V = 0

Meaning that the water density is kept constant and the fluid volume is conserved.

The velocity is given by a velocity potential: V = ∇Φ

Meaning that a scalar potential can describe velocity of fluid particles.

The pressure can be obtained from the Bernoulli equation:

p+ ρgz + 1
2(∇Φ)2 + ρ∂Φ

∂t = CONSTANT .

This equation states that sum of the pressure, the kinetic and potential energy per unit

volume is preserved over time.

In the Nemoh code, the diffraction-radiation problem is solved by following the bound-

ary element method with Green’s function. This last allows for including into the

mathematical formulation of the boundary conditions at sea bottom, at the floating

body, and at the free surface. The method consists of initially solving the radiation

problem which concerns the forced sinusoidal oscillations of the floating body in water

initially at rest. Afterwards, the diffraction problem is solved assuming the floating

body is fixed. Following this approach, the hydrodynamic coefficients can be obtained.
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In order to solve the fluid velocity field, the nonlinear boundary value problem needs

to be evaluated each time. This mathematical problem is represented by the following

system of equations (Delhommeau, 1987).



∆Φ = 0 M ∈ Ω (For all fluid volume)

∂Φ
∂n = V · n M ∈ SB (On body surface)

∂Φ
∂n = 0 M ∈ Sseabed (At seabed)

∂η
∂t +∇η · ∇Φ = 0 M ∈ SFS (Free surface kinematic boundary condition)

∂Φ
∂t + gη + 1

2 (∇Φ)2 = 0 M ∈ SFS (Free surf. dynamic boundary condition)
√
R
(
∂Φ
∂n − ik

)
(Φ− Φ0)→ 0 R→∞ (Wave radiation condition)

As illustrated in Figure 2.8 Ω, SB, SFS , Sseabed and S∞ are respectively, the fluid

domain, the body’s wetted surface, the free surface, the seabed (bottom boundary)

and the lateral surface at infinity distance. n indicates the body surface normal vector

and M is a generic fluid subdomain.

41



Chapter 2. Mooring systems analysis and design for wave energy converters

Figure 2.8: Boundary value problem scheme.

By manipulating the previously defined system of equations which defines a three-

dimensional problem, thanks to the Green’s third identity, this last can be simplified to

a two dimensional one. The detailed explanation of the system of equations and their

solution is not given in this thesis as this do not strictly relate to the scopes of this

project.

In particular, the Nemoh code solves the boundary value problem to the first order.

Similar codes capable of performing such task are the WAMIT, the Diodore, the Hy-

drostar, the Diffract and the Aquaplus.

In order to find the first order solution of the boundary value problem described, the

following approximations have to be taken into account:

• Small motion from the mean position
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• Free surface equations are linearised

• The boundary value problem is solved in the frequency-domain

Together with the hydrodynamic coefficients (added mass, radiation damping and exci-

tation force), the Nemoh code provides the far field coefficients, representing the Kochin

function, the free surface elevation and pressure field.

For a detailed description of the theory implemented in Nemoh, the computational

procedures, mathematical and numerical formulation, reference is made to Delhommeau

(1987), Delhommeau (1993).

In Chapter 5 validation evidence, by reporting comparisons with results obtained with

other methodologies and with data available in the literature is reported, and the

accuracy of the Nemoh code is proved.

In Chapter 3 numerical work concerning an Earth-reacting WEC is described, as antic-

ipated, part of the numerical calculations were done with the aid of the Nemoh code.

The Nemoh code was used for calculating the hydrodynamic coefficients and excitation

forces for the floater component of the WEC. For this purpose, this last was modelled

in Nemoh as a free (not moored) floating body. In Nemoh, taut moored floating bodies

cannot be directly modelled. The code developed in Chapter 3 allows for adding a taut

mooring line component to the floating body model, which otherwise would only be

represented by a generic free-floating body.

2.3.4 Empirical studies on taut moored devices

In order to assess the validity of a numerical model for a WECs, it is imperative to

compare results with empirical evidence. In fact, experimental work aiming at gathering

valuable experimental data, which is representative of the WEC under study, is most

of the times essential. Accordingly, during this PhD project, experimental work on a

specific Earth-reacting PA WEC was carried out, this work is described in Chapter 4.
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Figure 2.9: Schemes of experimental set-ups adopted during previous studies of: (A)
Hann, Greaves, and Raby (2015); (B) Orszaghova et al. (2016); (C) Radhakrishnan,
Datla, and Hires (2007); (D) Ma et al. (2016); (E) Wang et al. (2018); (F) Gunn,
Rudman, and Cohen (2018); and (G) Ding et al. (2017).
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Thus, in this section, a brief review of the previous work concerning taut moored

configurations is presented.

Taut moored devices were studied experimentally by a few researchers. In Figure 2.9

are reported the schemes of experimental set-ups which were assembled during previous

works. Each study reviewed had specific scopes. Despite this, all the subsequent cited

studies concern model scale experimental testing on devices very similar to the one

studied during this PhD project.

Recently, with particular focus on extreme loads and responses, Hann, Greaves, and

Raby (2015) and Orszaghova et al. (2016) all analysed submerged PA WECs by running

experiments on model scale devices (Fig. 2.7 Letters A and B). The first study related

to snatch loading, findings indicated that the magnitude of extreme loading is not very

dependent on the wave steepness, but body motion and displacement very influence it.

The second study concerned the specific Ceto WEC, also in this case extreme loading

were investigated. While Hann, Greaves, and Raby (2015) investigate extreme loading

by increasing wave steepness and using breaking and non-breaking waves, defined with

the NewWave theory, Orszaghova et al. (2016) used long irregular sea simulations and

a numerical model for specifically understand maximum PTO extensions.

Other authors studied the instability of tethered floaters without PTO components.

These studies concerned the analysis of the nonlinear body motion with free oscilla-

tions and waves tests. Experimental and theoretical work for finding the Mathieu’s

instability diagram was carried out (Radhakrishnan, Datla, and Hires, 2007; Ma et al.,

2016). Their scaled models are reported in Figure 2.7 by Letters C and D. In contrast,

Gunn, Rudman, and Cohen (2018) use a moored floating sphere with a spring com-

ponent for understanding the validity of the Smoothed Particle Hydrodynamics (SPH)

theory for modelling surface and structure interaction (Fig. 2.7 Letter F). They pro-

vided guidelines on which resolution to apply for correctly use SPH theory for studying

such types of fluid-structure interaction problems.

For numerical models, validation Ding et al. (2017) and Wang et al. (2018) undertook
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experimental work on scaled models of, respectively the Ceto and CorPower WECs.

Their experimental set-ups are shown in Figure 2.7 by Letters G and E. Both studies

compared numerical with experimental results. While in the first study CFD methods

are applied for modelling the device, the second concern a numerical model based

on the Cumins equation. For both studies, experimental work was carried out with

scaled models consisting of a floater and a PTO assembly. The PTO system for the

Ceto model was constituted by only a controlled servomotor which was emulating the

desired combined spring-damping effect. For the CorPower WEC model, the PTO

damping and spring effects were simulated mechanically. The negative spring force was

exerted by an element made by some cylindrical pneumatic components.

2.3.5 WEC experimental model testing

Relevant topics of interest concerning testing WECs are briefly reviewed in this section.

Experimental work is undertaken for investigating particular aspects. These lasts are

discussed by EMEC (2009) and Payne (2008) and are listed next.

• Proof of concept

• Hydrodynamics, dynamics and loads

• Power performances

• PTO principle and control

• Station keeping

Generally, for bigger experimental models and higher experiment complexity, more

aspects can be investigated at the same time with fewer uncertainties. However, the

cost involved with tank testing also accordingly increases. Physical models usually can

be of any of the orders between 1:3 to 1:100 of the real-scale device.
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In EMEC (2009) is discussed that for commercial development physical models should

be first of small-scale (λ = 1:25-100) after of medium scale (λ = 1:10-25) and finally

of large-scale (λ = 1:3-15). Where small-scale models can be used for investigating the

validity of the concept, hydrodynamics, device motion, structural loads and estimation

of device performance. Results of small-scale models can also be used for validation of

numerical models. As for small-scale models medium scale models can be built to be

tested in hydrodynamics laboratory. Once basics aspects have been optimized, medium

scale models are required for project development. Usually with medium scale models,

particular aspects regarding extreme Environmental conditions can be investigated.

A model which is more representative of the real-scale device, including the mooring

system and PTO realistic system, is built for this purpose. Ideally, medium scale

models are tested in multi-directional irregular sea states including currents. Finally,

large-scale models can be built, these are tested at sea or, exceptionally, at large wave

basins. Large-scale models are fully operational devices which have all characteristics

same as real-scale device. When testing these models, the developer can experience all

realistic circumstances as it would be for a real-scale device.

In order to design a scaled model of a device, specific scaling rules have to be followed

(Payne, 2008). In general, concerning mechanical interactions between fluids and solid

structures, three types of forces are of particular importance. These concerns forces

associated with inertial forces Fi, gravitational forces Fg and forces due to viscosity

Fv. For each different phenomenon under study, the relative magnitude of these forces

may vary; thus it is of fundamental interest to find a way to quantify what is the

relative importance of these forces. Conventionally, this can be done by using two non-

dimensional factors named the Froude number Fr and the Reynolds number Re. These

quantities are defined as follows.

Fr =
U√
gl
∝ Fi
Fg
∝ inertia force

gravitational force
(2.9)
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Re =
Ul

υ
∝ Fi
Fv
∝ inertia force

viscous force
(2.10)

Where U is the fluid velocity, g is the gravitational acceleration, l is the characteristic

length representing the fluid/body interaction phenomenon and υ is the kinematic

viscosity.

For designing an excellent physical scaled model of a WEC, representing well the real-

scale device, it is required to maintain the same balance between inertial, gravitational

and viscous effects. In theory, this can be achieved by ensuring that the Fr and the

Re numbers relative to the scaled model experiment match the Fr and the Re numbers

relative to the real-scale case. Matching these numbers, in practice, is a difficult task.

In fact, it happens that if one of the two non-dimensional number relative to the scaled

model is about equal to the relative number for the full-scale device, for the other

non-dimensional number usually is not the case. Thus, in almost every circumstance,

especially for smaller scale experiments, a compromise has to be accepted. Depending

on the phenomenon investigated, a solution to this problem consists of scaling a model

by focusing on keeping only one of the two non-dimensional numbers constant.

As discussed by Payne (2008) the effects of viscosity concern usually the boundary

layer (water-body interface) only. For the rest of the fluid, viscous forces usually are

negligible. Viscous effects are not negligible only for WECs having sizeable wetted

surface and sophisticated shape. Thus, for most of WECs, including the spherical

WEC which will be studied in next chapters, the net influence of viscous forces is

small. Meaning that main forces are of inertial or gravitational nature, and the effect

of viscous forces is, to a certain extent, irrelevant. As a consequence, in most cases, the

Froude scaling approach can be assumed to be valid. This approach concern assuming

that the ratio of inertial forces Fi to gravitational forces Fg is kept the same for both,

the scaled model and the real-scale device.

During the experimental study explained in Chapter 4, the Froude scaling approach
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was implemented for identifying parameters of the physical models assembled at labo-

ratories. Thus, in Table 2.1 are introduced Froude scaling laws of interest.

Quantity Scaling law
Wave height and length s
Wave period s0.5

Wave frequency s−0.5

Linear displacement s
Angular displacement 1
Linear velocity s0.5

Angular velocity s−0.5

Linear acceleration 1
Angular acceleration s−1

Mass s3

Force s3

Torque s4

Power s3.5

Linear stiffness s2

Angular stiffness s4

Linear damping s2.5

Table 2.1: Foude scaling laws (Payne, 2008).

In Table 2.1 s is the geometric scale. These laws are derived by taking into account

scaling factors relative to velocity and length. In details, in Expression 2.3.5 it can be

noticed that U scales with s0.5, as Fr and g are constant. Also, considering that the

characteristic length s scales linearly, all other scaling laws can be derived from basic

dimensional analysis.

2.4 Chapter’s summery and conclusions

At first in Section 2.1, wave energy converters (WEC) categories, and mooring system

requirements were discussed. It was found that for each type of WEC a particular

mooring system may be more or less suitable. It was further discussed that WEC’s

mooring system requirements are diverse than requirements of conventional floating

structures. However, various requirements are shared by the two kinds of floating
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structures. Basic mooring line types were briefly introduced, and their suitability for

the type of WEC technology and anchoring depth was discussed. In general terms,

the conventional theory customarily applied for catenary calculations and for designing

conventional mooring systems was briefly introduced. The different mooring analysis

approaches were introduced and advantages of fully dynamic codes for moored WECs

analysis were identified. Due to WECs characteristics, these lasts are better suited.

Next, a general literature review on the topic of mooring systems for wave power devices

was provided (Section 2.2). The actual stage of progress was identified, and relevant

works were collected so to define a broad picture of the state-of-the-art. In this section,

all recent significant studies on mooring analysis and design for WECs were briefly

mentioned. These were grouped by different topics of research, i.e., theoretical studies

on Self and semi-Earth-reacting WEcs, experimental studies, specific projects, devices

in arrays; extreme conditions analysis. At the end of this section also other inherent

topics related to reliability and efficiency are briefly discussed. From this review it

was found that for commercial development of WECs and their mooring systems, the

following topics need to be further be addressed: mooring systems for arrays of devices;

new materials; synthetic fibres for long-term use; fatigue life of components; interaction

of moored devices deployed in arrays; and on experimental validation of theory and

numerical methods.

A more specific literature review was presented in Section 2.3 where all topics of interest

for later work were introduced. At first, commercial Earth-reacting WECs of recent

projects were described. For this type of WECs, the previous theoretical work was

then reviewed. The specific potential flow theory was explained, and the Nemoh code

which is based on this theory was described. Successively experimental studies on taut

moored devices were briefly reviewed, and WEC experimental scaling methods were

treated. It was found that no extended study was published on experimental work on

the PA in normal operating conditions with linear PTO damping and a linear spring.

Despite this, in Section 2.3.4 the most relevant literature was cited. This section also

concerned a review on works relative to previous experiments which were, to a certain
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extent, relevant to the experimental work later discussed in Chapter 4.
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Chapter 3

Earth-reacting wave energy

converter

In this chapter is addressed the objective concerning the development of a numerical

tool for practical simulating Earth-reacting wave energy converters of generic geometry.

As explained in the introduction of this thesis, a new methodology for designing and

analysing moored WECs is proposed. The generic methodology is put in practice for

the specific case of Earth-reacting taut moored WECs. For this reason, the mentioned

numerical tool, needed for solving the equation of motion of the entire taut moored

WEC system, is developed.

3.1 Introduction

In this chapter, a computational method, developed for analysing moored Earth-reacting

WECs, is presented. This method was defined for the Earth-reacting WECs type only.

This type of WECs was selected among the other options as this is one of the most

important categories of WECs. As mentioned in Section 2.3.1, there are various com-

mercial WECs of this type which are at a good stage of commercial development.
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Despite this, as discussed in the previous chapter, numerical and experimental studies

on this type of devices are limited. The method is applied to a generic point absorber

(PA) WEC, via a numerical tool, by which any type of axisymmetric geometry may

be analysed. With this is possible to analyse devices which are moored to the seabed

utilising a single inelastic tether. In this chapter, numerical techniques and results

concerning numerical predictions of system performance are described and reported.

Results concern the PA devices having half-immersed or fully submerged spherical

floaters. Computational steps of the numerical tool are briefly showed in Figure 3.1.
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Figure 3.1: Flow chart of Earth-reacting computational tool developed.
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3.1.1 Methodology

The computational tool developed, as illustrated in Figure 3.1, can be subdivided into

various sections. Main computational steps are grouped as follows:

- Definition of system parameters

- Computation of floater geometry and mesh

- Calculation through boundary element method of hydrodynamic parameters and

wave forces for the chosen floater geometry

- Frequency-domain calculations of system response and estimation of energy pro-

duction (regular and irregular sea)

- Time-domain free oscillations (for heave and surge modes of motion)

- Time-domain calculations for system response and performances in regular and

irregular seas

- Time-domain calculations including the modelling of a latching control system in

the PTO mechanism and parametric analysis

Except for the calculations of hydrodynamic coefficients and forces which are done with

the aid of the Nemoh code, the above steps are done with one or multiple Matlab scripts.

The computational tool proposed can be subdivided into mainly two parts: the part

of the code related to the frequency-domain calculations and the part of code solving

the time-domain problem. Each of the two parts shares the computational procedures

involved in the definition of the system geometry, the mesh of the floating body and

the calculation of the hydrodynamic coefficients/forces. For both frequency-domain and

time-domain problems, regular and irregular sea states can be set. For the time-domain

also free oscillations tests can be simulated. An option for correcting irregular frequency

is available, and there are three optional steps related to time-domain calculations, these

are the evaluation of horizontal drift forces; the use of a latching control mechanism; and
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the option for running the code in a loop for parametric analysis. While the correction of

irregular frequency step is in general needed for improving numerical results, horizontal

drift forces calculations, latching mechanism and parametric analysis script calculations

are further optional steps that can be arbitrarily run. These are extra functions of the

code.

In this chapter, the code developed is explained. Initially, some observations for de-

termining the main system parameters are discussed. Will follow a description of an

independent code, which is used for computing the hydrodynamic coefficients. After the

frequency and time-domain formulations of the problem, the numerical implementation

and numerical results are reported.

3.2 System parameters

In general, it can be said that a good WEC can be seen as a good wavemaker (Falnes,

2002). Dimension, weight, and shape of the floating body are the main factors that

determine the wave energy extraction capability of a floating device. While for the

case of a wavemaker the mass is not an important parameter, as this is activated by an

external force, in the case of a wave energy device this should be optimized. Thus, in

order to have optimal motion response, the floater’s mass should be correctly chosen,

so that the optimum oscillations are obtained. In fact, a small body which oscillates

with large amplitude may be a better wave energy absorber than a larger one which

instead oscillates with lower oscillation amplitude. Physical relations representing the

problem in question are those of the Forced and Damped Harmonic Oscillator. In a

first instance, taking apart hydrodynamic forces, Equation 3.1 dictates the relations

between parameters of the classic mass-damper-spring system. This equation can be

used for calculating the oscillation amplitude |A(ω)| of such system.

|A(ω)| = F0/m√
(ω2

0 − ω2)2 + ω2γ2
(3.1)
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Where F0 is the sinusoidal excitation force, m is the mass, ω0 is the natural frequency

of the system, defined as ω0 =
√

k
m , ω is the forcing frequency and the factor γ is equal

to b/m. For b = 0 we have the maximum motion amplitude, but no power can be

extracted. Optimum oscillations for power absorption happen when critical damping

condition is set, i.e. γ = 2ω0. Differently, the Harmonic Oscillator is over-damped or

under-damped if respectively γ > 2ω0 or γ < 2ω0 conditions are set. For a free-floating

body the stiffness k is represented by the hydrostatic stiffness, this for axisymmetric

shapes can be approximated as ρgA, where A is the floater cross-sectional area defined

by the perimeter obtained by the intersection of the calm free surface and the floater

surface.

More specifically, for a defined type of monochromatic sea, by selecting correct system

parameters, we can obtain optimum phase and optimum amplitude, so to finally get

better power extraction performances.

Considering the case of a wave power generator represented by a moored floater con-

nected to a linear spring in series with a linear damper, best values of floater mass,

mooring line pretension, spring stiffness and PTO damping can be estimated. These

parameters are denoted respectively as: m; Fpre; Ks; and Cpto. The pretension Fpre

is needed for elongating the spring component by an initial offset. In this way, certain

system compliance is obtained, and mooring peak loads are smoothed. Without pre-

tension snatch loads, at fairlead, could occur. The pretension determines the mooring

line be straight. For this reason, the mooring restoring forces are directly counteracted

by the anchor. The spring component is needed for implementing the pretension and

also for modulating the restoring force of the system. The Cpto damping represents

the linear damping coefficient needed for modelling the absorbed power by the device

thanks to the PTO mechanism.

In real life, depending on the installation site, we do expect different sea states proba-

bilities function and distribution. For simplicity, the point absorber problem is initially

limited to a single degree of freedom in regular waves. In this case, the average power
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over a wave period can be defined by the following expression (Evans, 1980).

P = Fs(t)U(t)−BU(t)2 (3.2)

where Fs is the incident force on the floating body assuming it to be fixed, U is the

instantaneous velocity and B represents the added damping coefficients. Considering

that,

Fs = Re{Fseiωt} (3.3)

and

U(t) = Re{U0e
iωt} (3.4)

the equation describing the power (Eq. 3.2), after substitutions and elementary inte-

gration, can be rearranged as the following relation:

P =
1

8B
|Fs|2 −

B

2
|U0 −

1

2B
Fs|2 (3.5)

U0 is the velocity amplitude of the sinusoidal floater’s motion. From the above, we can

observe that the maximum mean power can be obtained when U0 = 1
2BFs and its value

is equal to the first term on the right-hand side of this equation. Precisely when the

following condition happens.

Pmax =
1

8B
|Fs|2 (3.6)

Falnes and Budal (1978) and Mei (1976) noted that this optimal condition might be

achieved when the velocity U is in phase with the exciting force Fs.

Next we consider the following equation of motion for a heaving point absorber (Falnes,
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2002; Vicente, Falcão, and Justino, 2013):

(m+Az)z̈ + (Bz + Cpto)ż + (Ks + ρgS)z = Fez (3.7)

where Az and Bzare the added mass and radiation damping coefficients for heave, Cpto

is the power-take-off coefficient, Ks is spring stiffness and Fez is the vertical component

of the wave exciting force. This equation and its derivation are further discussed in

Section 3.4, where also it is extended to the surge motion.

After substituting z̈ = −ω2z, ż = iωz in Equation 3.7 and ordering terms we obtain

the following Equation 3.8.

Z =
Fez

−ω2(m+Az)− iω(Bz + Cpto) + ρgS +Ks
(3.8)

This, together with the optimal mean power definition, gives the conditions:

ω =
ρgS +Ks

m+Az(ω)
(3.9)

and

C = Bz(ω) (3.10)

To note that ω in the above equation is assumed to be coinciding with the wave angular

frequency (ω ≡ ωe).

For simplicity, we considered a spherical geometry, and we computed the radiation

damping coefficients for this shape. The mass is defined as follows.

m =
1

2
ρ

(
4

3
r3π

)
− F

g
(3.11)
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considering the latter, plus Equations 3.9 and 3.10 we can define initial design values of

stiffness Ks, mooring pretension Fs and PTO damping constant Cpto. In particular for

best wave energy absorption, given a particular angular frequency of oscillation ω, the

constant Cpto, representing the linear damping of the PTO mechanism should be equal

of the radiation damping. In our case Cpto constant was set to be 2.5 · 105 Ns/m/s

equal to the value of B33 radiation damping coefficient corresponding to ω = 0.85

rad/s (Tper = 7.4 s.). As the Earth-reacting device in question absorbs most of the

total absorbed power only from the heave motion, only the heave radiation damping

coefficient was taken in consideration for defining the Cpto initial value. The reference

value of ω represents generic recurrent waves on the southern European coast directly

facing the Atlantic ocean. For defining the PTO damping value, the radiation damping

coefficients were calculated with the use of the Nemoh code introduced in Section 2.3

of Chapter 2. The radiation damping value B33, considered for defining the initial

Cpto value, is representative of an unmoored heaving only device. For the reason of

having a direct comparison, the value of PTO damping and other system parameters

corresponded to parameters reported by Vicente, Falcão, and Justino (2013). These

parameters are reported in Table 3.1.

Parameter Values

radius 7.50 m

mooring length 60.0 m

mass 8.0362E+05 kg

depth (same as length of line) 60.0 m

damping 2.50E+05 N·s/m

stiffness 1.50E+05 N/m

pretension 1.00E+06 N

Table 3.1: System standard parameters (Vicente, Falcão, and Justino, 2013).

The pretension and stiffness parameters can be justified as reasonable values determined

so to not modify much the natural frequency of the floater, at the same time to allow

motion, and thus to avoid snatch loading during operation in moderate sea states.

The parameters reported in Table 3.1 were used for initial model verification. Where
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not mentioned, these are the standard parameters taken as references which were used

during calculations. The numerical tool presented in later sections can be used for

optimising these parameters. The case studies discussed in later Chapter 6 are examples

of how the mentioned numerical tool can be used to investigate best system parameters

for a specific location.

The point absorber WEC modelled with the computational tool developed is described

by the sketch represented in Figure 3.2.

Figure 3.2: Sketch of the point absorber wave energy converter analysed.
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3.3 Definition of geometries and computation of hydro-

dynamic quantities

For calculating the hydrodynamic quantities, which depend on the chosen geometry, the

Nemoh code was used. This numerical code was introduced and described in Section 2.3

of Chapter 2.

A Matlab script was written for the automatic creation of spherical floaters geometries.

These geometries are made by flat panels, in a format that can be used in Nemoh. The

script is capable of creating geometries of half-immersed and fully submerged spherical

floaters. For instance, the spherical geometries created are reported in Figures 3.3

and 3.4. As shown in these figures the arrows always point outwards, meaning that the

normal of each panel is well oriented. Thanks to symmetry, for both floating bodies,

only half of the geometry needed to be defined. These geometries were then entered

in the Nemoh code. The half immersed and the fully immersed floaters were defined

respectively by 200 and 338 flat panels. These number of panels resulted in being

enough for obtaining correct hydrodynamic coefficients.

Results obtained with Nemoh, for verification, were compared to results obtained from

analytical results given by Hulme (1982) and Wang (1986). These concern added mass

and radiation damping coefficients and excitation force coefficients. Details of these

comparisons are reported in Chapter 5 were also main other results are compared to

experimental data.

A further geometry of a caisson was modelled for verification. This geometry and

results are reported in Appendix A.2.
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Figure 3.3: Mesh of hemisphere (200 panels)
.
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Figure 3.4: Mesh of submerged sphere (338 panels)
.
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3.4 Frequency-domain analysis of spherical Earth-reacting

point absorber

The point absorber (PA) WEC under study was represented in Figure 3.2. With more

details the geometry of the device in question is reported again in Figure 3.5. By

` is denoted the axial displacement (∆L) of the mooring line due to compression or

extension of the spring component. By f is denoted the force exerted by the spring

and damper components, this exclude the pretension load. Considering this geometry

the mooring restoring force can be defined as: Φ =
√
φx

2 + φz
2. Where φx and φz are

the horizontal and vertical components. These equals to:

φx = fx + Fx = (|f |+ Fp)sin(α) (3.12)

and

φz = fz + Fz = (|f |+ Fp)cos(α) (3.13)

Fp, Fx and Fz are respectively the pretension load and its horizontal and vertical

components. Whilst, f can be found from Equation 3.14.
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Figure 3.5: Scheme of the PA geometry.

f = Ks`+ Cpto
d`

dt
. (3.14)

To note that ` is found by applying Pythagorean theorem, giving
√

(L+ `)2 =
√

(L+ z)2 + x2.

Thus ` is found to be:

` =
√
x2 + (z + L)2 − L (3.15)

Whilst, d`
dt is found to be:
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d`

dt
=

xẋ+ zż + Lż√
x2 + (z + L)2

(3.16)

To further note that: sin(α) = x
`+L and cos(α) = z+L

`+L .

For defining the frequency-domain equations, the mooring components are linearised.

To do so it is assumed that only small surge displacements occur at all times, and α

is a small angle. Thus, it can be assumed that fx � Fp and the horizontal mooring

force component φx can be approximated as: φx ' Fpx/L. For what concern the heave

component, this is defined as φz ' Fp+Ksz+Cptoż, where Ksz is the vertical restoring

force due to spring stiffness and Cptoż is the PTO force.

Taking into account surge and heave (x,z) motions and including the linearised effects

of the damper-spring system, the following decoupled equations1 are defined (Vicente,

Falcão, and Justino, 2013).

(m+Ax)ẍ+Bxẋ+
Fp
L
x = Fex

(m+Az)z̈ + (Bz + Cpto)ż + (Ks + ρgS)z = Fez

(3.17)

where m is the mass, Ax,z are the added mass coefficients, Bx,z are the radiation

damping coefficients, Fp is the mooring pretension, L the length of the mooring line,

Cpto is the PTO damping constant, Ks is the spring stiffness constant, ρ is the water

density, g is gravitational acceleration, S is the cross-sectional area of the spherical

floater (S = πr2) and Fe(x,z) are the components of the wave excitation force.

By substituting ẍ1,3 = −ω2x1,3, ẋ1,3 = iωx1,3 and ordering terms, Equations 3.17 are

converted in Equation 3.18, where mooring stiffness Ks and PTO damping Cpto are

included in stiffness K and damping C matrices. This last equation gives the solution

in terms of displacements when the frequency-domain approach is implemented.

1The first equation, for heave motion, was previously introduced (Eq. 3.7 Section 3.2).
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xj(ω) = [−ω2[Ai,j(ω) + mi,j ] + iω[Bi,j(ω)] + [K]]−1Fej(ω) (3.18)

3.5 Frequency-domain results

Results for the system represented in Figure 3.2, described by parameters reported in

Table 3.1, were obtained by solving the equations of motion written in the frequency-

domain (Eq. 3.18). Response amplitude operators (RAOs) and dimensionless power

curve are reported respectively in Figures 3.6 and 3.7. Results are plotted to have on

the horizontal axis the dimensionless wave number k · r which is defined by the wave

number k and the floater radius r. This number was used so that the results of different

scales used can be easily compared between each other.

Figure 3.6: Heave and surge response amplitude operators from FD analysis.
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Dimensionless power factor PF is shown in Figure 3.7. This factor indicates the theo-

retical efficiency of the device, in literature is often also referred to as the capture width

ratio. The defined power factor was calculated with the following formula.

PF =

P
PmaxEnv

2 · r
(3.19)

where P is the mean power produced by the device (expressed in Watts):

P = 1/2 · Cpto · ω2 · |Z|2; (3.20)

and PmaxEnv is the mean power available, this is defined as for conventional linear

water waves theory:

PmaxEnv =
1

4 · ω
· ρ · g2 · a2; (3.21)
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Figure 3.7: Dimensionless curve indicating power factor of point absorber with param-
eters as in Table 3.1.
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3.6 Time-domain formulation

The time-domain formulation is based on the theory developed by Cummins (1962) who

derived the general equation of motions for a floating body by introducing convolution

integrals. The methodology implemented is normally used for sea-keeping applications.

In particular, the added mass and radiation damping coefficients can be calculated

independently. This operation is possible thanks to further findings of Ogilvie (1964)

who derived the equations of motion for a ship separating the radiation and diffraction

problems.

In practice, the hydrodynamic coefficients are calculated by the Nemoh BEM code

introduced in Chapter 2 (Section 2.3), as was done for the frequency-domain approach.

The time-domain formulation proposed may be referred to as the weakly nonlinear

time-domain method. For two dimensional case, the equations for surge and heave

motions can be written as follows.

(m+A∞x)ẍ(t) +

∫ t

0
kx(t− τ)x(t)dτ + φx(t,Ks, Cpto, L, Fp) = Fex(t)

(m+A∞z)z̈(t) +

∫ t

0
kz(t− τ)z(t)dτ + ρgSz(t) + φz(t,Ks, Cpto, L, Fp) = Fez(t)

(3.22)

Where m is the mass, A∞ indicates added mass values for ω −→ ∞, and φx,z indicate

horizontal and vertical components of the mooring restoring force. x(t) and z(t) repre-

sent the floater’s surge and heave displacements. Two over-dots indicate accelerations

(second-order derivative). The kj=x,z(t − τ) is the casual kernel function present in

convolution integrals which represents the memory effect of the radiation forces. This

function is evaluated for a short period which represents system response in a previ-

ous interval (actual time step minus a defined short period of c.a. 20 seconds). The

following formula defines the kernel function.
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k(t) =

∫ ∞
0

B(ω)cos(ωt)dω (3.23)

The mooring force components for the two dimensional PA case can be defined as

introduced in Section 3.4, i.e. phix = (f + Fp)sin(α) and φz = (f + Fp)cos(α). These

are found by applying basic trigonometric laws to the geometry reported in Figure 3.5.

These mooring force components depend on: floater’s displacements and velocities, the

spring stiffness coefficient Ks, the PTO damping Cpto, the mooring length L, and the

mooring pretension Fp. Further explanations of how these components are calculated

in the time-domain method proposed are reported in Section 3.7.2.

The advantage of the adopted theory compared to the frequency-domain approach is

that transient effects, for example, existing due to the presence of the PTO mechanism

or the mooring system, can be captured in the methodology.

In order to the formulation to be valid, it is assumed that displacements are small and

that these are directionally proportional to the induced velocity of the water particles

surrounding the body and vice versa. In practice, having assumed that only small

displacements occur and that the fluid is potential the superimposition principle can

be applied.

3.6.1 First order wave loads

First order wave excitation forces were calculated with the Nemoh code, and these

were used to compute the time-dependent wave loads in both regular and irregular seas

options.

The total wave excitation force, the Froude-Krylov and diffraction components are

illustrated in Figure 3.8. This plot represents dimensional results obtained directly with

the Nemoh code. As can be noted the Froude-Krylov part gives the main contribution

to the total force. The Nemoh code uses the angular frequency ω as input and output,
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Figure 3.8: Illustration of wave exciting force and its diffraction and Froude-Krilov
components for the considered spherical floater.
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so instead of using the kr this time are plotted for ω (rad/s) on the horizontal axis.

In the numerical code, two methods were implemented. The first, named direct wave

loading option, is based on the superimposition principle. While for regular waves, the

sea is assumed to be sinusoidal, for the irregular sea case the force vector is created by

adding together different sinusoidal functions of various amplitudes and frequencies. In

contrast, the second option, named impulse-response wave loading option, concern the

application of the impulse-response functions. These lasts are in all cases used for the

computation of the radiation forces, in the case of the impulse-response wave loading

option these are also used for calculating the waves excitation load terms. Thus, for

this second option, the wave loads in regular and irregular seas depend excursively on

the free surface signal η(t). The latter can be determined, either same as for the direct

wave loading option or by using a defined free surface elevation vector, which can be

obtained from real sea measurements or by tank tests.

Direct wave loading option

For the regular waves case, the force was assumed to be varying in a sinusoidal way.

The formula adopted for estimating loads, in this case, is reported in Section 3.7.

For the irregular sea option, the Bretschneider wave spectrum was at first implemented.

The following formulas can define this (Journee and Massie, 2001).

S(ω) =
173H2

1/3

(T1ω)5
e
−692

(ωT1)
4 (3.24)

The above was used for the particular case of T1 = 3.86
√
H1/3 where this formula

it reduces to the One Parameter Pierson-Moskowitz wave spectrum (is shown in Fig-

ure 3.9). This spectrum was initially used as this was simpler to implement compared

to other types of spectrum. In fact, this does not require any other particular parameter

except T1 and H1/3. Besides, it was chosen this as it is representative of the Atlantic
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Ocean conditions. A further sea spectrum was then implemented during case studies

described in Chapter 6.

Figure 3.9: One Parameter Pierson-Moskowitz wave spectrum (Hs = 2 m).

Further details on how this option was implemented are reported in Section 3.7.

Impulse-response wave loading option

With the impulse-response wave loading option the wave loads, for both regular and

irregular waves cases, are calculated through the use of the non-casual impulse-response

function and the convolution integral, which were defined as following (Falnes, 2002).

Fw(t) =

∫ ∞
−∞

f(t− τ)η(τ)dτ (3.25)
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where the impulse-response function f(t) is equal to

f(t) =
1

2π

∫ ∞
−∞

Fe(ω)eiωtdω (3.26)

η(τ) is the free surface elevation signal, which represents time in the past and future.

The Fe(ω) represent wave excitation force coefficients, which are calculated with the

Nemoh code.

3.6.2 Second order wave drift loads

Estimation of drift forces in the time-domain was obtained through the development of

a technique which concerned the definition of a reflection coefficient (Crefl). This factor

can be used for calibrating the numerical code. It is determined from regular waves

experimental tests data. In practice, for a series of regular wave tests (where the Cpto

was set to the high value), the surge offset was measured, and the Crefl was defined

as the value needed to tune the numerical result. The procedure was repeated for all

regular waves laboratory simulations of angular frequencies reported in Table 3.2.

The technique developed within the code is similar to the method proposed by Hsu and

Blenkarn (1970), which was also implemented by Remery and Hermans (1971). The

process is based on the assumption that the free surface signal can be seen as a series of

single waves. These have amplitudes equal to either the wave crest or to the absolute

value of the wave trough. Their wave periods are found by doubling the time between

two consecutive zero crossings. When peaks or troughs, in between a zero crossing were

more than one, an average value was used. The drift force in the time-domain was then

estimated, for both regular and irregular seas, by the following formula.

Fdrift(t) =
1

2
· ρ · g · [·a(t) · Crefl(t)]2 · 2r (3.27)
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This force was evaluated through a loop where the two terms Crefl(t) and a(t) depends

on the instantaneous wave period and wave amplitude. The reflection coefficients Crefl

are interpolated from a vector which is defined prior to the numerical simulation. For

the half-immersed spherical floater PA (of 7.5 m radius) values in Table 3.2 were used.

ω(rad/s) 0.40 0.46 0.53 0.59 0.66 0.72 0.79 0.86 0.92 0.99 1.05 1.116 1.18 1.25 1.31
Crefl 0.10 0.11 0.15 0.25 0.30 0.35 0.40 0.45 0.45 0.50 0.50 0.55 0.60 0.70 1.00

Table 3.2: Reflection coefficients for the half-immersed floater.

Further details of the technique implemented are described in the next section (Sec. 3.7).

3.7 Numerical formulation

In this section, the numerical method developed for solving the time-domain formula-

tion (concerning the theory explained in previous sections) is described.

The Equation of motion 3.22 is solved for the two degrees of freedom, namely, heave and

surge motions. Where the former is positive towards the waves propagation direction.

The system modelled is represented in Figure 3.2 as previously introduced. The mooring

line is assumed to be connected at the centre of the sphere, where also the centre of

mass is located. It is also assumed that there is not hydrodynamic coupling.

As previously stated, hydrodynamic coefficients, needed for solving the mentioned equa-

tion of motion, are obtained with the Nemoh code (at the beginning of the computa-

tion). These includes added mass coefficients (A(ω)11,33), radiation damping coeffi-

cients (B(ω)11,33) and wave excitation force coefficients (Fe(ω)x,z). The Nemoh code

gives these coefficients in dimensional form. Thus, for simplicity, calculations and re-

sults of the numerical code always have dimensions. To also be noted that results

obtained with the Nemoh code were found to be valid only when real-scale quantities

were used.

Irregular frequencies obtained from Nemoh were eliminated. A Matlab script for this
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purpose was created, which checks that all subsequent coefficients (when ω increases)

were within a defined tolerance; otherwise, these are corrected. In particular cases, the

polynomial fitting Matlab function was also used for this purpose.

3.7.1 Estimation of first and second order wave loads

First order wave excitation loads, for the regular waves case, when the direct wave

loading option is selected, are estimated with the following formula.

Fwx,z(n) = a · |Fex,z(ω)| · sin(ωt(n) + phase(Fex,z(ω))) (3.28)

The free surface elevation is defined as: η(t) = a · sin(ω · t).

For the irregular waves case (direct wave loading option) the free surface elevation, the

horizontal and vertical components of the wave loads were instead determined by the

following equations.

η(t) =

n∑
n=1

ancos(knx+ ωnt+ εn) (3.29)

Fwx,z(t) =
n∑
n=1

|Fex,z(wn)|ancos(knx+ ωnt+ phase(Fex,z(wn)) + εn) (3.30)

Where an are wave amplitudes determined by an = 2
√
S(ω)δ(ω) and εn are random

phase values created by defining uniform distributed random numbers between the

interval [0; 2π].

As introduced in the previous section, for the impulse-response wave loading option,

wave loads are calculated by convolution integrals similar as for the radiation forces.

Considering Equation 3.26, defining the casual impulse-response function, and noting

the fact that this should be real so that Fe(w) = F ∗e (−w), the following equation can
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be derived which was found to be stable during the numerical integration occurring in

main Runge-Kutta loop.2

fx,z(t) =
1

π

∫ ∞
0

[Re(Fex,z(ω))cos(ωt)− Im(Fex,z(ω))sin(ωt)]dω (3.31)

Where the infinite limits of the above integral for computational efficiency are sub-

stituted by limited time values (both negative and positive values). For the analysed

spherical floater (of radius = 7.5 m) the decaying time of the above kernel function

was to be c.a. +- 60 seconds.

Both, casual and non-casual, impulse response functions used to solve the convolution

integrals, relative to respectively the wave excitation loads, and the radiation damping

forces, are computed similarly. These, represented by Equation 3.23 (defined in the

previous section) and Equation 3.31, are solved by using the trapezoidal rule. The

obtained values are stored in vectors. These vectors are then cut to the corresponding

time where the values are within a defined tolerance value (' nil). The kernel of

convolution integrals related to the radiation forces of the spherical floater considered

was vanishing in c.a. 20 seconds, thus this value was adopted in most of the simulations.

The obtained shortened vectors are flipped so that these can be easily incorporated,

at each time step, in the convolution integrals, when the main equation of motion is

integrated.

2the symbol ∗ denotes the complex coniugate
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Figure 3.10: Illustration of impulse response functions (IRF) for spherical floater.

Wave drift forces can only be included in the simulation when excitation IRFs are used.

For what concerns the wave drift forces in regular waves simulations, these were directly

estimated with the formula already introduced in the previous section (Section 3.6.2),

which is evaluated for each time step of all the simulation time. Diversely, for the irreg-

ular sea case, few other operations are carried out before evaluating the just mentioned

formula. These operations are listed next.

1. Definition of the free surface elevation signal η(t) through Equations 3.24 and 3.28

or by importing a defined η(t) from real-time record.

2. Finding the points where peaks, through and zero crossings occur.

3. Defining a signal of the instantaneous wave period.
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4. Interpolation of vectors found in the previous two steps.

5. Finding the closest correspondent of reflection coefficient to use, which depend

on the instantaneous wave period.

6. Evaluation of Equation 3.27 (Section 3.6).

For both types of sea simulations, the found waves drift load vector is then added to

the first order wave load horizontal component vector.

For an initial period of simulation time, the two wave load forcing terms (independently

of the option considered), horizontal and vertical components, were multiplied by a

cosine ramp function. Usually, the ramping period utilised was of c.a. 4 times the

chosen wave period. An illustration of the ramping function is displayed in Figure 3.11.

Figure 3.11: Illustration of cosine based ramping function (dim.less) implemented in
the numerical tool for a chosen period of 40 seconds.

3.7.2 Mooring force components estimation

In previous Section 3.4 the vertical and horizontal mooring force components were

defined with the symbol φ. Given the geometry of the device considered (Figure 3.5)

Equations 3.12 to 3.16 were defined. These equations are considered again for defining

mooring force components in the time-domain formulation.
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For the time-domain formulation, the vertical direction of the mooring load is estimated

with the following approximation.

φz ' Ks · z(t) + Cpto · ż(t)expC (3.32)

This expression is similar as for the case of the frequency-domain formulation, only

the expC is added. The expC is an exponent factor determining the type of damping

desired. To model a linear PTO, this was always set equal to one. Eventually, for

simulating a quadratic PTO force, expC can be set equal to 2. To clarify, the Cpto,

in this case, is again the power-take-off damping coefficient. As the mooring line is

assumed to be inelastic, this is the only damping taken into consideration into the

mooring components terms. z(t) and ż(t) are the heave displacement and heave velocity

of the floater. Ks is the spring stiffness constant.

For finding a valid approximation for modelling the restoring horizontal mooring com-

ponent φx the analogue mechanical system, shown in Figure 3.12 was considered. This

system represents a mass that is attached to a rail by means of bearings, and this mass

is free to oscillate along the horizontal direction. The horizontal restoring force is only

due to horizontal offset.

82



Chapter 3. Earth-reacting wave energy converter

Figure 3.12: Mechanical system analogy considered for defining numerical approxima-
tion related to the horizontal mooring restoring force component.

Recalling Equations 3.15, 3.16, 3.14 and 3.12, the surge component is estimated by

by assuming that the horizontal restoring force is independent of the floater’s heave

velocity and heave position. For surge motion the mentioned equations become:

` =
√
x(t)2 + L2 − L (3.33)

d`

dt
=

x(t)ẋ(t)√
x(t)2 + L2

(3.34)

f = Ks(
√
x(t)2 + L2 − L) + Cpto

(
x(t)ẋ(t)√
x(t)2 + L2

)
. (3.35)

Thus, φx is approximated to be:
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φx ' (Ks(
√
x(t)2 + L2 − L) + Cpto

(
x(t)ẋ(t)√
x(t)2 + L2

)
+ Fp)sin(α) (3.36)

Where, Ks is the spring stiffness, x(t) is floater’s surge displacement, L is the mooring

length, Cpto the the PTO damping coefficient, Fp is the mooring pretension and sin(α)

is equal to: sin(α) = x(t)/
√
x(t)2 + L2.

This time the effect of the PTO damping Cpto over the surge motion is considered, not

neglected as in the case of the frequency-domain approach.

Horizontal and vertical components of the mooring tension were stored at each time

step, throughout the entire integration of the main loop (described in the next section).

In particular, the mooring load was evaluated at two different points. The first point

is needed to monitor the mooring line tension occurring at floater attachment point

(fairlead), which in our case corresponds to the centre of the sphere (point no. 1). The

second point was used for comparison of numerical results with empirical data3. The

value of the mooring load at this point refers to the mooring tension after the effect of

the damper and the spring modelling the PTO force (point no. 2).

3.7.3 Main integration loop

For solving the main equation of motion the classic Runge-Kutta 4th order numerical

integration scheme was implemented in the Matlab environment.

The Equation 3.22 representing second order differential equations was converted in

two first-order systems of equations. To do so, the conversion x1 = x and x2 = ẋ

was implemented in the equation for surge, and z1 = z and z2 = ż conversion was

implemented in the equation for heave. These two first-order systems are Equations 3.37

and 3.38.

3This latter point was in the location of the load cell, to which the mooring line was connected and
which was fixed to the carriage (as is further explained in Chapter 4).
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
ẋ1 = x2

ẋ2 =
−ConvIntx(t,x1)+Fdrift(t)+Fwx (t)−φx(t,x1,x2,parameters)

(m+A∞x)

(3.37)


ż1 = z2

ż2 = −ConvIntz(t,z1)−Hydross(t,z1)+Fwz (t)−φz(t,z1,z2,parameters)
(m+A∞z)

(3.38)

The ConvInt(t)(x1, z1) indicate the convolution integrals mentioned in Section 3.6.

These depend on previous floater displacements and are calculated by using the trape-

zoidal formula via a Matlab in-build function. To numerically solve these integrals is

required to store the previous surge and heave displacement values in an array. At each

time step, the necessary values from the array are read and, together with the kernel

function (Equation 3.23), are used to compute the convolution integrals.

Fw(t)x,z are the first order wave loads components, these are calculated as was explained

in Section 3.7.1. Fdrift(t) is the horizontal second order drift force and its calculation

was also explained in Section 3.7.1.

For clarity, in Equations 3.37 and 3.38 all factors needed for evaluating φx1,z1 are

indicated with: (t, z1, z2, parameters). These are the floater’s displacement and velocity

which depend on time and comprehend the fixed parameters that may be arbitrarily

varied, e.g. at the beginning of the simulation. These parameters are the spring

stiffness Ks, the mooring length L, the PTO damping coefficient Cpto, and the mooring

pretension Fp.

The above systems (Eq. 3.37 and 3.38) were written in separate scripts. These were

evaluated four times (for each of the Runge-Kutta scheme step) at each time step.

The parameters, except for the damping value Cpto (varying when the latching control

mechanism option is on), were always kept constant during each simulation. The terms

related to the forces (radiation, excitation and mooring loads) were re-evaluated at each

Runge-Kutta step. To note that the power-take-off (PTO) is modelled as part of the
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restoring mooring force φx,z.

3.8 Time-domain simulation results

The computational time in Matlab required to run a time-domain simulation 600 sec-

onds long was usually less than 3 minutes (on a standard machine with a i5 2.27 GHz

dual-core processor and with 6 Gigabytes of RAM). This figure includes initial time for

initial calculations including the run the Nemoh BEM code.

In this section, some results for an illustrative purpose are reported. The detailed

validation of the numerical code is then discussed in Chapter 5.

Results are obtained for system parameters previously introduced in Section 3.2, these

are reported again in Table 3.3.

Parameter Symbol Values

radius r 7.50 m

mooring length L 60.0 m

mass m 8.0362E+05 kg

depth (same as length of line) L 60.0 m

damping Cpto 2.50E+05 N·s/m

stiffness Ks 1.50E+05 N/m

pretension Fp 1.00E+06 N

Table 3.3: System standard parameters.

Where not explicitly mentioned system parameters used for running simulations are

those reported in Table 3.3.

3.8.1 Free decaying oscillations

With the created numerical tool both surge and heave free decaying oscillations in the

time-domain can be computed. Surge oscillations where obtained by setting the initial

condition of x(t0) = 1 m, similarly heave free oscillations were obtained by setting
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z(t0) = 1 m. Illustration of free oscillations simulations for the standard PA device are

shown in Figures 3.13 and 3.14. For both figures reported, both damped and undamped

oscillations are showed. At 1000 seconds the amplitude of the undamped (Cpto = 0)

surge oscillations shows to be just c.a. 0.15 m more than the amplitude related to

surge damped oscillations (Figure 3.13). While in the case of heave oscillations the

floater almost stops in c.a. 50 seconds, for what concerns damped heave oscillations

the motion stops just after c.a. 25 seconds. To note that for both cases, surge and heave

free oscillations, when the Cpto damping is set to nil (undamped cases) the only damping

acting on the floater is the hydrodynamic radiation damping, this only determining the

gradual decay of floater motion. The radiation damping forces are always present. For

undamped cases is intended that the Cpto coefficient is set to nil.

The computed natural frequencies of the device, for the standards parameters reported

in Table 3.3, resulted in being equal to c.a. 0.02 Hz for surge and c.a. 0.2 Hz for heave

motions.

Figure 3.13: Illustration of surge free oscillations (x(t0)=1 m).
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Figure 3.14: Illustration of heave free oscillations (z(t0)=1 m).
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3.8.2 Regular waves

Examples of system response in regular waves (of 10 sec. period and 1 m amplitude)

can be found in Figures 3.15 and 3.16. These figures respectively show the 500 sec-

onds time series where drift forces are set to zero and time series of the case where

horizontal drift forces are taken into account; both simulations were run with standard

system parameters (as in Table 3.3). In these figures, the surge, the heave and the

mooring load are shown. Both surge and heave are intended to be the displacements

from the equilibrium position (calm conditions). The mooring load is the actual force

experienced by the mooring component. This load includes the pretension.

By comparing Figure 3.15 with Figure 3.16, it can be noted that the surge motion

clearly changes when drift forces are included. However, there is no sensible variation

in the total mooring force. It was found that, for the regular waves simulated, the drift

force amplifies the horizontal component of the mooring force (φx) only by a factor of

c.a. 10e4 N.

Figure 3.15: Illustration of time series indicating response in regular waves of 10 seconds
period and 1 m amplitude.
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Figure 3.16: Illustration of time series indicating system response when horizontal drift
forces were included (in regular waves of 10 seconds period and 1 m amplitude).

In Figures 3.17 to 3.20 are reported main results for time-domain simulations obtained

with different Cpto damping values. All other system parameters were unchanged.

The time-domain model was run within a loop so that regular sea states defined by 14

angular frequencies 0.1 < ω < 2.7 (rad/s) and 6 wave amplitudes a = 0.5, 1, 1.5, 2, 2.5, 3

m were simulated. These figures show that surge, for most ω, and heave RAOs are

independent of the wave amplitude (a). As expected, the axial mooring displacement,

reported in the third plot of all figures, is more for the undamped case (Figure 3.17).

The fourth plot of figures shows the theoretical mean power that is produced by the

device. To note that for simplicity no design rated power value is given to the device

so the power increases when a or Cpto also are increased. The mooring load showed to

be slightly higher in the case when no damping is applied (Cpto).
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Figure 3.17: Simulation results for floating spherical PA with Cpto=0 and standard
system parameters (as in Table 3.1) for different wave amplitudes (a).
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Figure 3.18: Simulation results for spherical PA with Cpto=1.875E5 kg/s and standard
system parameters (as in Table 3.1) for different wave amplitudes (a).
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Figure 3.19: Simulation results for spherical PA with standard system parameters (as
in Table 3.1, Cpto=2.5E5 kg/s) for different sets of regular waves of amplitude a.
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Figure 3.20: Simulation results for spherical PA with Cpto=3.125E5 kg/s and standard
system parameters (as in Table 3.1) for different sets of regular waves of amplitude a.
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3.8.3 Regular waves with latching control

A basic latching control method was implemented. This method is based on applying

a very large damping constant Cpto for a defined interval starting at precise moments.

It is a passive control technique, meaning that the energy is just extracted from the

external environment (waves) at any time.4

The latching method applied is the one proposed by Budal and Falnes (1980), which

consist in merely controlling the floater to oscillate with the velocity in phase with the

wave force. In practice, the floater is locked for a period of one-fourth of the wave

period Tp) by applying a very large damping constant Cpto. During this short time,

starting when a minimum or maximum free surface elevation (every half wave cycle)

occur, the mooring line is blocked. Afterwards, the floater is released causing a much

greater floater’s acceleration determining a substantial increase of the average power

compared to the standard case where no latching control is implemented.

The method is applied for regular sea. Time series of motion and mooring loads relative

to the spherical PA in regular waves of 10 seconds period Tp are shown in Figure 3.21.

It can be noted that the surge displacements, when the latching method is imple-

mented are similar as for the normal case (Figure 3.15). Heave motion, as expected is

characterised by particular intervals in which this is reduced, meaning that for those

intervals the floater’s was only slightly moving. From the last plot of Figure 3.21 it can

be noted that the mooring experiences sudden peaks and sudden low tension values.

These both correspond with the beginning of latching periods. However snatch loads

are not occurring, because the mooring load is never less than the pretension (Fp = 106

N).

As desired, in Figure 3.22 is shown the vertical velocity is in phase with the vertical

component of the wave excitation force.

4In contrast other control methods exist (normally referred in the literature as reactive control
methods), where due to particular mechanisms, the energy from the device, for short periods of time,
is transferred to the external environment.
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In Figure 3.23 results obtained with multiple wave amplitudes are shown. In this case,

the latching method was implemented. System response varied from the standard no

latching case (Figure 3.19). The surge RAO for all wave amplitudes is less. The heave

RAO peak frequency is less, and its magnitude is c.a. double compared to the normal

case. In particular, for frequencies ω < 1.0 (rad/s), the extracted average power is

reasonably higher than that of the normal case. This can be confirmed by comparing

the fourth plot in Figure 3.23 (where latching is used) with the fourth plot in Figure 3.19

(standard case). However, for higher values of ω (> 1 rad/s) the latching method is

not beneficial, this led to minimal power absorption. The mooring load for the range

of frequencies where power incremented also is substantially increased.

Figure 3.21: Illustration of results for regular waves of 10 seconds period with latching
control.
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Figure 3.22: Illustration of heave velocity in phase with vertical component of wave
excitation force when the latching control is applied.
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Figure 3.23: Simulation results for spherical PA with standard system parameters (as
in Table 3.1, Cpto=2.5E5 kg/s) for different sets of regular waves of amplitude a, when
the latching control method is used.
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3.8.4 Irregular sea

As explained in Sections 3.6 and 3.7 for simulating the irregular sea the Pierson-

Moskowitz sea spectrum is applied for defining irregular sea forces, these lasts may

be included into the model by the direct wave loading option or the impulse-response

wave loading option. Here next for illustration purposes are reported only results of

the direct wave loading option. Results concerning the other option will be discussed

in later Chapter 5.

In Figure 3.24, the results for an irregular sea simulation are illustrated. These concern

an irregular sea state simulation defined by a significant wave high Hs = 2 m and wave

energy period Te = 6 s. System parameters used, as for previous results concerning free

oscillations and regular waves, are those reported in Table 3.3. In this mentioned figure,

surge, heave and mooring load time series are shown, these appear not to repeat them

self, meaning that the irregular sea state is well defined. Surge and heave displacements

at times are more than 1.5 m and less of -1.5 m. The mooring load is always contained

between c.a. 1.5 · 106 and −1.5 · 106 N.
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Figure 3.24: Time series of floater motions and mooring load during irregular sea cre-
ated with the chosen spectrum (Hs = 2 m, Te = 6 s and system standards parameters).

In Figure 3.25 is shown the free surface η time series along with normalised horizontal

and vertical components of the total wave excitation forces. The normalisation was

defined by dividing the forces by their maximum value. The free surface elevation

correctly anticipates the vertical and horizontal normalised components of the wave

excitation force.
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Figure 3.25: Normalized horizontal and vertical components of wave excitation force
and free surface elevation during an irregular sea simulation.

3.9 Limitation of the proposed code

The proposed numerical code presents the following limitations:

• Two degrees of freedoms are considered. In reality, little motion occurs as well in

the other 4 degrees of freedom namely sway, pitch, roll and sway.

• Horizontal and vertical mooring components are decoupled. Meaning that the

horizontal force assumed to be independent than vertical motion and vice versa.

• Both frequency-domain and time-domain formulations are valid for relatively lim-

ited displacements from the equilibrium position (x=0, z=0). Both formulations
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are based on modelling the device taking as reference the mean free surface. It is

because hydrodynamic coefficients calculated with the Nemoh code are relative

to the mean wetted floating body surface. In real life, during severe sea states

large motions occur and thus the assumption concerning the mean free surface

on which the method is based might lead to uncertain results.

• The mooring line is assumed to be inelastic. The only axial mooring displacement

is due to the extension of the spring component. Depending on the material used,

for a real installation mooring component elongation might be an important factor

that needs to be as well considered.

• Viscous force are neglected. To note that for the typical size of wave power de-

vices, operating in normal sea conditions, the viscous forces usually are c.a. one

order of magnitude less than the first order wave loads. The proposed method-

ology is not intended to be used for modelling the device for studying extreme

loads and motions concerning severe sea states conditions and when eventually

viscous effects are more significant. Also for precisely estimate power absorption

for relatively small devices, viscous forces might be relevant to be quantified.

• For simplicity, the mooring line is assumed to be attached to the centre. In prac-

tice, this is not possible. However due to the spherical shape considered and

having assumed no viscous forces this simplification was possible to be imple-

mented.

• The PTO system modelled is simulated as a linear damping mechanism for which

a single Cpto damping coefficient can be set. Further work is required for including

advanced options concerning the modelling of other types of PTOs, such hydraulic

or phase controlled systems.
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Experimental study

In this chapter the following main objectives are addressed:

• To develop different experimental set-ups and methods to simulate the considered

Earth-reacting device at hydrodynamics laboratories accurately.

• To obtain reliable and repeatable empirical results.

These objectives, as discussed in the introduction of this thesis, were set for obtaining

empirical evidence which is needed to pursue the further objective concerning the val-

idation process. This last is an essential step of the generic methodology for analysing

and design moored WECs proposed in this thesis.

4.1 Overview

In the previous chapter, a notional full-scale device was described and modelled theo-

retically. This chapter concerns empirical work related to physical scaled models repre-

senting the same device. The experimental work was divided into three distinct sessions.

One session concerns a 1:86 model-scale device and two sessions regard 1:33 model-scale
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devices. All empirical work was conducted at the two hydrodynamics laboratories of

the University of Strathclyde. In this chapter, the work related to experiments is de-

scribed, explained and the main results are illustrated. The list of experimental models

which were assembled and used is reported in Table 4.1.

Objectives of the experimental study were:

- To investigate in an empirical way: the motion response, the axial mooring line

displacement, the mooring loads and the power absorption, for the considered

device.

- To explore different experimental set-ups and methods to accurately simulate the

considered device at hydrodynamics laboratories.

- To obtain reliable and repeatable empirical results.

- To quantify the uncertainties of the experimental results of the different conducted

experiments.

Session no. Model ID Description Scale Illustration no.

1 1 Half-immersed floater 1:86 Fig. 4.1 and 4.2

2 2 Half-immersed floater 1:33 Fig. 4.7 and 4.8

3 3a Half-immersed floater repetition 1:33 Fig. 4.13 and 4.14

3 3b Submerged floater 1:33 Fig. 4.19 and 4.20

3 3c Submerged floater without motor 1:33 Fig. 4.21

Table 4.1: Tested models.

At first, laboratories and instruments used are described. After, all five experimental

physical models and their components are explained. Successively, calibration of equip-

ment, uncertainty analysis, limitations of the experiments and data post-processing

methods, are treated. At the end of the chapter, the primary results are reported.

The obtained empirical data was then used to validate the numerical code previously

developed. The reader can refer to Chapter 5 for the validation of the numerical code

with experimental results.
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4.2 Tank facilities

In this section hydrodynamics laboratories used for testing the physical models are

described.

Henry Dyer Laboratory

The 1:86 model was tested in the Henry Dyer laboratory. This facility is equipped with

a single flap wavemaker controlled by an in-house developed software. This wavemaker

is capable of producing regular and irregular sea states. Specifications for the facility

are:

- Length = 21.6 m

- Width = 1.6 m

- Maximum water depth = 0.7

- Waves making: a single computer controlled flap.

- Fixed waves-absorbing beach.

The tank is equipped with a towing trolley travelling on aluminium rails over it. Given

the scope of the experiment, this was not used.

The tank is made of fibreglass sections bolted together. On the area where Model 1

was tested there is a window from which it was possible to observe the model directly

from a lateral perspective.

Kelvin Hydrodynamics Laboratory

Differently 1:33 scale models were tested in the Kelvin Hydrodynamics Laboratory.

Specifications of this facility are reported by MARINET (2013). Main characteristics
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of interest of this laboratory are listed next.

- Length = 76 m

- Width = 4.6 m

- Depth = 0.5-2.3 m

- Waves making: variable-water-depth computer controlled flaps wavemaker

- Beach: variable-water-depth sloping beach (with reflection coefficient typically

less than 5%)

The maximum possible wave height depends on the set water depth. For 2 meters

water depth, the value used during experiments, the maximum possible wave height

was about 80 mm.

In the case of experimental work related to this project, the water depth was set to 2

m. This value is a typical setting for this facility. On a regular basis, the wavemaker

is calibrated for the set depth. University staff does the calibration. The calibration

process is repeated or checked weekly.

The 1:33 Models (2, 3a, 3b and 3c) were partly bounded on the carriage. This last

is a wide wagon standing on rails and carries operators and equipment. The carriage

is used for towing tank tests or as in our case just as a structure were to install all

equipment for stationary experiments with waves.

In Section 4.5 calibration of wavemakers is discussed.

Repeatability of making waves in both tank facilities was analysed in Section 4.7 where

the value of standard uncertainty (Type A) related to the wave probe indicates how

well waves can be repeated.
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4.3 Intruments

Various sensors were used for monitoring motions of system components, free surface

elevation and loads. The list of these is reported in Table 4.2.

Instrument Model ID Model scale Measure Range Unit
1 1:86 0-28

Motion capt. system 2 1:33 Floater displacements 0-500 mm
3a 1:33 0-500

Motion capt. syst. (underwater) 3b, 3c 1:33 Floater displacements 0-530 mm

1 1:86 0-30
Standard wave probe 2 1:33 Free surface elevation 0-320 mm

3a 1:33 0-150
3b, 3c 1:33 0-150

Sonic wave probe 3a 1:33 Free surf. elev. 5.7 m upstr. 0-150 mm
3b, 3c 1:33 0-150

1 1:86 1-2
Load cell 2 1:33 Mooring tension 15-36 N

3a 1:33 15-34
3b, 3c 1:33 15-34

1 1:86 0-30
Laser sensor 2 1:33 Mooring line displ. 0-320 mm

3a 1:33 0-340
3b, 3c 1:33 0-340

2 1:33 0-260
Motor tachometer 3a 1:33 Mooring line displ. 0-340 mm

3b, 3c 1:33 0-340

Table 4.2: All instruments used during experiments.

These instruments are described next.

4.3.1 Qualysis system

For logging floater’s motion in six degrees of freedom a motion tracking system de-

veloped by Qualysis AB was used (Qualysis, 2016). Four Qualysis infra-red sensitive

cameras were positioned around the tank and directed towards the floater. As it can

be seen for Model 1 in Figure 4.3, the cameras were placed within a certain distance

between them to ensure best capture accuracy. Precisely, the more are different the

angles defined by the position of each camera and by the centre of the floater, the less
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is the expected residual (error in determining the position of the floater computed by

the system). For the requirement of the Qualysis system, four reflective markers were

attached to the floater. In particular, these were spherical markers attached to a carbon

fibre stick and installed on the top dry part of the floater or directly on the floater.

For what concerns the submerged floater, the underwater Qualysis system was used for

motion monitoring. This system is similar to the standard system but works thanks to

underwater cameras.

Further details and illustrative sketches on how both Qualsys systems were set up are

reported in Subsection 4.5.2.

4.3.2 Laser sensor

The elongation of the spring (mooring line axial displacement) was measured and

recorded by using a laser sensor connected to a CED power unit. This sensor had

an operative range from 0.2 to 10 m. The device was accurately configured for obtain-

ing better precision on the range and units required for each experiment session. The

sensor was set to produce an analog signal that was adjusted and recorded with the

Spike2 software. For measuring the spring displacement, small reflective panels were

constructed, with a piece of light balsa wood for the 1:86 scale Model, with a hard

plastic material for the 1:33 scale Models, these in both cases were firmly attached to

the mooring line. For illustration this component is shown in figures reported in Section

4.4 (laser reflector).

4.3.3 Load cells

The mooring line tension at the point where the spring was attached was acquired by

using load cells. For the 1:86 scale model a 10 kg rated load cell was used. While for

the 1:33 scale models a 25 kg rated cell was chosen. The load cells were connected to

a CED power unit and logged, similar to the laser sensor, with the Spike2 software.
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4.3.4 Free surface elevation sensor

The free surface elevation was all times recorded by a wave probe; this was installed in

line with the buoy and was connected to the CED power unit. The latter was needed

for capturing the signal and for logging data by using Spike2, as for the case of the load

cell and laser sensor.

Data from all sensors connected to the CED power unit was acquired with a 137.17 Hz

sample frequency.

4.4 Models

For Sessions 1 and 2 two single test rigs configurations were used (Model 1 and Model

2) while during Session 3 three different experimental set-ups were investigated (Models

3a, 3b, 3c). For clarity in Table 4.3 the details of configurations tested, are listed. Each

of the experimental set-ups will be described in next subsections.
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Model ID 1 2 3a 3b 3c

Scale 1:86 1:33 1:33 1:33 1:33

Floater radius 0.09 0.23 0.23 0.23 0.23 m

Floater mass 1.23 19.78 21.70 47.00 47.00 kg

Water depth 0.70 2.00 2.00 2.00 2.00 m

Mooring line length 0.59 1.62 1.69 1.12 1.12 m
1.01 1.01
0.89 0.89

Immersion depth 0.00 0.00 0.00 -0.35 -0.35 m
-0.46 -0.46
-0.58 -0.58

Spring stiffness 20.30 177.00 177.00 75.00 75.00 N/m
355.00 355.00

Cpto damping 0.00 0.00 0.00 0.00 no motor kg/s
3.64 40.00 30.00 13.00

40.00 15.00
50.00 17.00

19.00

Pretension 1.57 35.00 27.00 38.50 38.50 N

Table 4.3: Overview of models’ parameters investigated during the experimental study.

In Table 4.3 where multiple parameters are shown means that various configurations

were tested for that particular model. For example when tested Models 3b and 3c the

mooring length value was varied. This last refers to the distance between the lowest

point of the floater to the pulley attached to the bottom of the tank.

In Table 4.3, the immersion depth refer to the altitude of the floater’s center relative

to the horizontal plane.
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Model ID 1 2 and 3a 3b and 3c Real scale PA Real sc. sub. PA
Scale 1:86 1:33 1:33 1:1 1:1

U 8.50E-02 9.76E-02 2.97E-02 5.74E-01 1.72E-01 m/s
l 1.74E-01 4.55E-01 4.55E-01 1.50E+01 1.50E+01 m
γ 1.05E-03 1.05E-03 1.05E-03 1.05E-03 1.05E-03 Pa·s

Re 1.41E+01 4.22E+01 1.28E+01 8.19E+03 2.46E+03
Fr 6.50E-02 4.62E-02 1.41E-02 4.74E-02 1.42E-02

Cd 1.00E+00 6.00E-01 2.00E+00 3.00E-01 5.00E-01
r 8.72E-02 2.27E-01 2.27E-01 7.50E+00 7.50E+00 m
Ac 2.39E-02 1.62E-01 3.25E-01 1.77E+02 3.53E+02 m2

Fd 8.63E-02 4.64E-01 2.86E-01 8.75E+03 2.62E+03 N

Table 4.4: Assessment of scaling.

A series of quantities were calculated to estimate how well laboratory models repre-

sented real-scale devices. In Table 4.4 are reported the Reynolds number Re and the

Froude number Fr. Definitions of these numbers were introduced in Section 2.3 of

Chapter 2. To calculate these numbers the relative velocity of the floater U corre-

sponds to the mean relative velocity (with respect to still free surface) during peak

heave resonance frequency. While for the scaled models the U value is the one relative

to experiments, the U is relative to real-scale devices is obtained from frequency-domain

calculations. The characteristic length of structure-fluid phenomena is assumed to be

equal of one floater’s diameter indicated by l. With γ is denoted the kinematic viscosity

of water. It can be noted that: while the Reynolds numbers between scaled models and

real-scale devices vary by about two orders of magnitude, the Froude numbers are very

similar. In Table 4.4 is also reported the module of the estimated drag force Fd for

each model in considerations (scaled and real scale devices). To estimate drag forces

(at peak resonance condition), the Drag Equation was used (Fd = 1/2ρCdAcU
2). In

this equation the Cd is the drag coefficient depending on Reynolds number, Ac is the

characteristic frontal area (assumed to be half of the wetted surface).
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4.4.1 Spherical PA model tests at 1:86 scale - Session 1

Experiment set-up of Model 1

The 1:86 scale model of the point absorber WEC was constructed and was tested at

the Henry Dyer tank laboratory.

From Figure 4.1 to Figure 4.3 it is shown the experiment set-up constructed for this set

of tests. The floater was attached to a taut mooring line. As illustrated in Figure 4.4, a

spring was connected to a load cell (rated 10 kg) and to the mooring line, this last was

passing through a worm installed on a shaft of a servomotor. The mooring line then

passed through an underwater pulley at the bottom of the tank. This consisted of a thin

dyneema rope (0.2 mm) and, just for a short segment (corresponding to the motor’s

worm above the water), also of a 2 mm diameter polyester rope. A laser sensor pointing

towards a reflector attached on the mooring line was installed for measuring mooring

line displacements along the axial direction. The servomotor showed in Figure 4.4 was

a servomotor with an incorporated tachometer. This component was connected to a

microprocessor device called myRIO (produced by National Instruments) and controlled

by a model created in Labview (National Instruments). The servomotor was controlled

by the Labview model to generate the damping force simulating the PTO mechanism.

Parameters of Model 1 are reported in Table 4.5. These parameters were chosen by

scaling down the standard parameters of the PA introduced in Chapter 3. Froude scal-

ing laws were used. Real scale parameters, reported in Table 4.5, do not exactly match

parameters introduced for the PA in Chapter 3 because of model making practical

limitations.

In Figure 4.3 a picture showing the wave tank is reported. Both, the Qualysis cameras

and the floater’s position are shown.

Components of Model 1 installed above water are displayed in Figure 4.4. In this

picture, all the parts needed for simulating the PTO and measuring the mooring line
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Figure 4.1: Experiment set-up illustrative sketch (side view).
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Figure 4.2: Experiment set-up illustrative sketch (top view).
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Model scale Real scale
1:86 1:1

Model ID 1

Floater radius 0.09 7.50E+00 m

Floater mass 1.23 7.82E+05 kg

Water depth 0.70 6.00E+01 m

Mooring line length 0.59 5.10E+01 m

Immersion depth 0.00 0.00E+00 m

Spring stiffness 20.30 1.50E+05 N/m

Cpto damping 0.00/3.64 2.50E+05 kg/s

Pretension 1.57 9.99E+05 N

Table 4.5: System parameters for PA model tested in Henry Dyer towing tank (Model
1).

Figure 4.3: Experimental tests set-up: cameras of the motion capturing system (Session
1).
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axial displacement are shown. As for other pictures, all significant details are labelled.

Figure 4.4: Experimental tests set-up (Session 1): digital damper (servomotor); spring;
and sensors.

The floater, the submerged part of the mooring line and the pulley are shown in Fig-

ure 4.5. This picture was shot from the side window which is located on the wall of the

wave tank. Here it is also displayed the underwater frame used for this experiment.

The spherical buoy of Model 1 was printed in polylactic acid (PLA) with an Ultimaker

3D printer with a 0.2 mm nominal resolution. Precisely, two hemispheres (as shown

in Figure 4.6) were manufactured, glued together and covered (through painting) by a

thin layer of transparent silicon, for making the floater impermeable.
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Figure 4.5: Experimental tests (Session 1) set-up (underwater view): mooring line; and
the pulley.

Figure 4.6: 3D printed section of spherical buoy.
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4.4.2 Spherical PA model tests: 1:33 scale - Session 2

A second model of a PA WEC was constructed at a larger scale (1:33) and tested

during Session 2. This model was tested at the Kelvin Hydrodynamic Laboratory of

the University of Strathclyde as also for, later, Session 3.

Experiment set-up and description of Model 2

The model constructed for this set of tests was similar to the one described in the

previous section for the 1:86 scale experiments. This model consisted of a frame where

a pulley was connected at its base, this was positioned at the bottom of the water tank

(as shown in 4.9) and other model components were assembled above the tank over the

carriage. The spherical floater was connected with a steel wire, this last after passing

through the pulley and a servomotor, ended attached to a spring. In Figures 4.7 and 4.8

it is shown the experiment-set up for this session of tests.

In Table 4.6 are reported Model 2 parameters and corresponding real scale values.

As illustrated in Figure 4.7, differently than Model 1, for Model 2 the spring was

positioned horizontally.

The floater on Model 2 was positioned downstream of the carriage, as showed in Fig-

ure 4.8.

The spherical floater, shown in Figure 4.9, in this case, was manufactured in foam,

shaped by a 5m CNC router and painted for better finishing. Precisely, two hemispheres

were created and then bolted together. To match the desired floater mass, at the centre

of the sphere various cylindrical weights were installed.

In Figure 4.9 the pulley mounted on a fixed frame at the bottom of the tank and

spherical grey reflectors, mounted on the floater needed for capturing motion with the

Qualysis system, are shown. In this figure, it is also displayed the underwater frame,
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Figure 4.7: Experiment set-up illustrative sketch (side view).
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Figure 4.8: Experiment set-up illustrative sketch (top view).
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Model scale Real scale
1:33 1:1

Model ID 2

Floater radius 0.23 7.49E+00 m

Floater mass 19.78 7.11E+05 kg

Water depth 2.00 6.60E+01 m

Mooring line length 1.62 5.36E+01 m

Immersion depth 0.00 0.00E+00 m

Spring stiffness 177.00 1.93E+05 N/m

Cpto damping 0.00/40.00 2.50E+05 kg/s

Pretension 35.00 1.26E+06 N

Table 4.6: Model 2 system parameters.

where the pulley was tied. This frame was not used in later experiments during Session

3. A better solution was then implemented.

Figure 4.10 shows the position of the floater relative to the carriage where the rest of

the equipment was installed. The distance between the carriage and the floater for this

experiment was c.a. 14 m. This distance was then radically reduced in Session 3.

The electric servomotor for this model was only connected to the power unit, which was

possible to tune depending on the requested damping. The damping force applied this

time was controlled by adjusting the analog amplifier only. The electric motor used is

shown in Figure 4.11. For this experiment, the MyRio device used in Session 1 and 3

was not used. The reason of this is that at time of experiments of this session the servo

motor and the MyRio device were not available.

As for Model 1 mooring line displacements and mooring tension were monitored re-

spectively, by a laser sensor and a load cell. These sensors were assembled on a fixed
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Figure 4.9: Experimental tests set-up: Qualysis reflector balls on floater and a pulley.

Figure 4.10: Experimental tests set-up: tank carriage and floater.
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Figure 4.11: Experimental tests set-up: electric motor and motor worm used for simu-
lating PTO damping force.

frame which is shown in Figure 4.12.

Figure 4.12: Experimental tests set-up: spring and laser sensor.

4.4.3 Spherical PA model tests: 1:33 scale - Session 3

The last session of tests was undertaken at the Kelvin Hydrodynamics Laboratory. In

this case, the half-immersed sphere PA tested in Session 2 was re-utilised for a similar

set of tests but with an improved experiment set-up. During this session, a submerged
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spherical PA model, sharing the same new configuration, was also tested.

Various improvements were done in Session 3. At first, the electrical motor used was

calibrated with a different method and with better accuracy. At the same time, the

set-up was upgraded to minimise uncertainties. This step was achieved by changing

system components and modifying the system set-up. Compared to Session 2, using

the small servomotor as in Session 1 was found to be a good solution for containing

friction and motor’s inertia related uncertainties.

Half-immersed spherical PA Model 3a

The first spherical floater tested in Session 3 was almost the same one used in Session 2.

This element was only improved by slightly correcting the internal mass distribution.

Model’s parameters are reported in Table 4.7.

While the floater was almost the same as for Model 2, Model 3a had a new experimental

set-up. This last differs from Model 2 mainly by the installation frame, the mooring

line, the pulley, the servomotor and the controller of the servomotor.

Experiment set-up of Model 3a

Illustrative sketches of Model 3a are reported in Figures no. 4.13 and no. 4.14. It can

be seen clearly in Figure 4.15, except for the floater position relative to the carriage and

the orientation of the damper/spring mechanism (PTO simulator), the experimental

set-up is similar to the one of Session 2.

In Figure 4.13 is shown the the set-up for Model 3a. In this case, the floater was

positioned c.a. 3 m upstream from the carriage.

The Qualysis cameras, as illustrated in Figure 4.14, were positioned two one side of the

tank and two on the opposite side, similar as it was done for Model 1 and 2.
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Model scale Real scale
1:33 1:1

Model ID 3a

Floater radius 0.23 7.49E+00 m

Floater mass 21.70 7.80E+05 kg

Water depth 2.00 6.60E+01 m

Mooring line length 1.69 5.59E+01 m

Immersion depth 0.00 0.00E+00 m

Spring stiffness 177.00 1.93E+05 N/m

Cpto damping 0.00 0.00E+00 kg/s
30.00 1.88E+05
40.00 2.50E+05
50.00 3.13E+05

Pretension 27.00 9.70E+05 N

Table 4.7: Model 3a system parameters.
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Figure 4.13: Experiment set-up illustrative sketch (side view).
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Figure 4.14: Experiment set-up illustrative sketch (top view).
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The rig needed for simulating the PTO mechanism formed by the servomotor, spring

and sensors, during this Session 2, was orientated horizontally. In contrast, in Session

3 this was orientated vertically. This assembly is illustrated in Figure 4.15.

Figure 4.15: Experimental tests rig on carriage of Session 3: electric servomotor; spring;
and laser sensor.

As it can be seen in Figure 4.16 for Model 3a four additional reflective markers were in-

stalled on the upper part of the floater. These were added to improve motion capturing

precision by the Qualysis system.
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Figure 4.16: Half submerged PA model tested in regular waves. The white small balls
are the reflectors needed for motion capture by the Qualisys system.
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Submerged spherical PA Models

The submerged floater, illustrated in Figure 4.17, was tested with a similar experimental

set-up as the one used for the half-immersed floater. Except to the floater’s mass,

mooring length and damping, the other parameters were kept as close as possible to

the half-floating model.

The submerged floater was tested in two different configurations. The first is referred

as Model 3b which had the same above-water test rig configuration as for Model 3a.

The second experiment set-up for the submerged model is referred as Model 3c and

this varied from Model 3b only for the absence of the electric servomotor.

The same spring as Model 3a was used for most of the tests. However, since pretension

was in practice higher than Model 3a, the spring’s stiffness indicative value, which was

measured for Model 3a, for Models 3b and 3c was found to be considerably less. Details

are reported in Tables no. 4.7, no. 4.8 and 4.9. Also, another spring of higher stiffness

was tested for the submerged models.

The Qualysis system for tracking the motion of the submerged model this time was

utilised by connecting to it four underwater cameras. These other cameras were posi-

tioned all upstream of the floater, as illustrated in Figure 4.18.
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Figure 4.17: Submerged floater of Session 3. Here the low friction, in-house manufac-
tured, pulley mechanism was used.

Figure 4.18: Underwater experimental tests set-up of Session 3: frame at bottom of
the tank; underwater camera; and location of underwater Qualisys cameras used for
motion capturing.
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Experiment set-up of Model 3b

The set-up for Model 3b is shown in Figures no. 4.19 and no. 4.20. The rig attached to

the carriage, consisting of the servomotor, spring and sensors, was exactly assembled

as for Model 3a. In contrast, in this case, the floater was a different one. Model’s

parameters are reported in Table 4.8.

Model scale Real scale
1:33 1:1

Model ID 3b

Floater radius 0.23 7.49E+00 m

Floater mass 47.00 1.69E+06 kg

Water depth 2.00 6.60E+01 m

Mooring line length 1.12 3.70E+01 m
1.01 3.32E+01
0.89 2.94E+01

Immersion depth -0.35 -1.14E+01 m
-0.46 -1.52E+01
-0.58 -1.90E+01

Spring stiffness 75.00 8.17E+04 N/m
355.00 3.87E+05

Cpto damping 0.00 0.00E+00 kg/s
13.00 8.13E+04
15.00 9.38E+04
17.00 1.06E+05
19.00 1.19E+05

Pretension 38.50 1.38E+06 N

Table 4.8: Model 3b system parameters.

As shown in Figure 4.19, the experimental set-up of Model 3b is different than Model

3a for what concerns the immersion depth of the floater and the position of the motion

capturing cameras.
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Figure 4.19: Experiment set-up illustrative sketch (side view).
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As illustrated in Figure 4.20 the underwater Qualysis cameras were positioned only

upstream of the spherical underwater buoy.
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Figure 4.20: Experiment set-up illustrative sketch (top view).
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Experiment set-up of Model 3c (no motor)

Model 3c was similar to Model 3b; the only difference is that in this case the motor

was not installed. The side view sketch for this model is illustrated in Figure 4.21. For

this model, the top view illustrative sketch is similar to the sketch of the first rig (only

servomotor not present) (Figure 4.20). Model’s parameters are reported in Table 4.9.

Model scale Real scale
1:33 1:1

Model ID 3c

Floater radius 0.23 7.49E+00 m

Floater mass 47.00 1.69E+06 kg

Water depth 2.00 6.60E+01 m

Mooring line length 1.12 3.68E+01 m
1.01 3.32E+01
0.89 2.94E+01

Immersion depth -0.35 -1.16E+01 m
-0.46 -1.52E+01
-0.58 -1.90E+01

Spring stiffness 75.00 8.17E+04 N/m
355.00 3.87E+05

Cpto damping no motor no motor kg/s

Pretension 38.50 1.38E+06 N

Table 4.9: Model 3c system parameters.

As for Model 3c, the servomotor was not installed, the spring axis was oriented directly

towards the pulley as illustrated in Figures 4.21 and 4.22).

Because the spring was orientated differently, also the load and laser sensors had to be

rotated, as shown in Figure 4.22.
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Figure 4.21: Experiment set-up illustrative sketch (side view).
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Figure 4.22: Configuration of experimental tests rig of Session 3 without servomotor.

4.4.4 System components description

Main system components details for each model tested are reported in Table 4.3.
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Model ID : 1 2 3a 3b 3c
Scale: 1:86 1:33 1:33 1:33 1:33

Component Parameter Value/descr. Value/descr. Value/descr. Value/descr. Value/descr. Unit

Spring Stiffness 2.03E+01 1.65E+02 Multiple val. Multiple val. Multiple val. N/m

Length of line 6.98E-01 1.82E+00 1.82E+00 Multiple val. Multiple val. m
Mooring line Diameter 2.00E-01 2.00E+00 2.00E+00 2.00E+00 2.00E+00 mm

Material dyneema Stainless steel dyneema dyneema dyneema
MBL 2.85E+02 2.75E+03 4.00E+02 4.00E+02 4.00E+02 N

Stall Torque 2.00E+01 1.33E+02 2.00E+01 2.00E+01 Ncm
Electric motor Power 6.00E+01 4.20E+02 6.00E+01 6.00E+01 No motor W

Voltage 3.60E+01 6.38E+01 3.60E+01 3.60E+01 V

Motor worm Diameter 2.40E+01 3.50E+01 2.00E+01 2.00E+01 No motor mm

Pulley Radius 1.50E+01 1.50E+01 1.60E+01 1.60E+01 1.60E+01 mm

Floater Radius 8.72E-02 2.27E-01 2.27E-01 2.27E-01 2.27E-01 m
Mass 1.23E+00 2.17E+01 2.17E+01 4.70E+01 4.70E+01 kg

Table 4.10: Details of components of models tested during the experimental study.

Spring

For all Models tested, a spring was required for exerting the PTO restoring force and

keeping the desired pretension. These were wire extension springs made of steel. The

spring component was selected between different options available. For the first three

models investigated (no.1, 2, 3a) the spring chosen was the one having the stiffness

parameter closer to the desired one. For Models 3b and 3c the spring was the same

as the one used for Model 3a, but in practice, as the pretension changed, the stiffness

value was also sensibly different. Also, another stiffer spring was tested for these two

last models. More details are reported in the Calibration of equipment Section 4.5.

Electric motors

The electric motor was needed for simulating a realistic damping force as the power-

take-off damping force. During the experimental study, two different electric motors

were used. Specifications of these are reported in Table 4.10. While for Model 2 the

motor was controlled with an analog signal, produced by its power unit, for Models

no.1, no.3a, no.3b the motor used (with an integrated tachometer) was a servomotor
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connected to the power unit and controlled by to the myRIO device with a digital

signal. This was connected as illustrated in Scheme 4.23.

Figure 4.23: Scheme showing connections between desktop computer, MyRIO device
and servomotor/tachometer.

The scheme represented in Figure 4.23 shows the control loop implemented during

Sessions 1 and 3. Depending on motor rotational speed the torque was automatically

adjusted by the MyRio micro-controller which processed information provided by the

tachometer. The analog adapter, in this case, was needed only as a power supply unit.

The desktop computer was needed for running a LabView model which controlled a

MyRio device and permitted to change PTO damping settings during the experiments.

Other three desktop computers were used for running the wavemaker, the Qualysis

system and the Spike2 software respectively.
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Mooring line

The mooring line components used for mooring the floaters were made of stainless steel

wire (marine grade) or dyneema fibre (ultra-high-molecular-weight polyethylene).

While the steel wire was used in Session 2, two different dyneema ropes were used

during Sessions 1 and 3. Steel wires are normally used for this kind of experiments.

In contrast, the use of dyneema ropes is not that common. Thus, the elongation of

dyneema ropes used was assessed in order to check if this was contained in reasonable

values. Explanation of selection for this particular component is reported in Section

4.5.

Property
Material (min. values) dyneema (UHMWPE) Standard marine grade steel (316)

Density 9.60E+02 8.00E+03 kg/m3

Tensile strength 1.40E+03 5.80E+02 MPa
Yield strength 1.40E+03 2.80E+02 MPa

Youngs modulus 5.50E+04 2.00E+05 MPa

Table 4.11: Properties of mooring materials used (source IDEMAT (2003)).

Pulley

For all models, a pulley was required to guide the mooring line from the bottom of the

tank to the servomotor and the spring outside of the water. Thus for this purpose,

different pulleys were used and assessed. During Session 1 and 2, a standard nautical

pulley was used, this is shown in Figures no. 4.5 and no. 4.9. Differently, during Session

3 an in-house manufactured pulley was build and used during all tests in water. This

component can be seen in Figure 4.17. Further explanation on the various pulleys

considered and on the selection process can be found in Section 4.5.
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4.5 Calibration and selection of equipment

In this section, all procedures concerning the calibration, the selection and the setup

of equipment are explained.

4.5.1 Calibration of wavemakers

For what concerns the Henry Dyer Laboratory, the wavemaker had to be calibrated.

For tuning the wavemaker input parameters, a series of regular waves tests had to

be run. The input parameters concerned voltage and frequency. Regular waves tests

(no model in water) were run many times as required for each frequency reported in

Table 4.12. After each test, the free surface elevation record was analysed with the

Spike2 software. Once the wave height H was matching the wanted value, regularly

for a minimum period, the voltage value used was kept and successively used as a

calibrating factor. Thus at the time of the actual experiment, the calibration factors

were then inserted in the control software for obtaining regular waves for a specific

height. Calibration factors were determined for obtaining regular waves with 12.5 mm

amplitude, as reported in Table 4.12.
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Freq.(Hz) Control Voltage

0.3 ± 0.3

0.6 ± 0.67

0.8 ± 0.58

1 ± 0.5

1.2 ± 0.5

1.3 ± 0.52

1.4 ± 0.55

1.45 ± 0.59

1.5 ± 0.64

1.55 ± 0.63

1.6 ± 0.56

1.65 ± 0.49

1.7 ± 0.67

1.75 ± 0.58

1.8 ± 0.57

1.85 ± 0.57

1.9 ± 0.71

2 ± 0.54

Table 4.12: Settings used to calibrate Henry Dyer wavemaker lab for obtaining regular
waves with 12.5 mm amplitude.

For illustration in Figure 4.24 the registered wave amplitudes are compared with the

wavemaker input value of 12.5 mm, for different ω. Each ω represents a regular waves

test. The amplitudes in the worst case varied, from the target amplitude, by c.a. 0.25

mm. This last value is low. For allowing this value to be so little, the wave probe

results (as also other later experimental results) were picked from a known period from

the start of each regular waves test of specific ω. In fact, during the calibration process

the time frames, in which wave amplitudes were matching for the most the target

amplitude, were registered. These time frames were recorded for all ω of interest and

then used as a reference.
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Figure 4.24: Illustrative Henry Dyer wavemaker curve.

For what concerns the Kelvin Hydrodynamic Laboratory the wavemaker was already

calibrated. Its calibration is assessed on a regular basis by University staff and repeated

if necessary.

For illustration in Figure 4.25 are reported the wavemaker curves for regular waves

tests of different amplitudes and different ω. As can be noted here, in the worst case,

amplitudes vary up to c.a. 10 mm from the target amplitude.
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Figure 4.25: Illustrative Kelvin Hydrodynamics Laboratory wavemaker curves.

The repeatability of making waves in both facilities is discussed in Subsection 4.7.1.

In this Subsection, uncertainty analysis results are discussed. Repeatability of making

waves is intrinsically assessed in the wave probe related standard uncertainties Type

A values. As will later be explained in details this uncertainty value is calculated by

considering multiple readings thus is representative of statistical errors.

4.5.2 Sensors calibration

Qualysis system setup

The calibration of the Qualysis motion capturing system was similar for all three ses-

sions. This system was calibrated following the protocol provided by its manufacturer.

The Qualysis software guides the user through the calibrating procedure which consists

of using a default floating frame and a default hand tool where on both are installed

a number of reflectors. While the floating frame needs to be stationary, the hand tool
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needs to be dynamically moved in a particular manner inside in the capturing volume.

For further details refer to the Qualysis (2016) manual. The calibration procedure

was usually repeated a few times until the residual errors, which determine the uncer-

tainty of the measurement, are less than the defined threshold and when the motion

signal was stable. For this purpose, few preliminary tests with regular waves were run.

The capturing signal was also improved by choosing an optimal position of floater’s

reflectors.

For what concern the underwater Models 3b and 3c different Qualysis cameras were

used but similar calibration procedure was followed. This procedure needed to be

repeated more times before obtaining acceptable results. In fact, acquiring motion

capturing signal by using the underwater cameras was much more difficult. This issue

was due to signal reflections of the floater’s markers below the water free surface.

Orientation and position of the cameras were essential factors to be optimised. In fact,

the underwater cameras had to be positioned only on one side of the floater so that

these were not pointed toward each other and, in this way, interference between cameras

was avoided. However, by having all cameras on one side, another issue occurred. This

issue concerned that the floater at times was slowly rotating around the Z-axis and,

in these circumstances, the signal was lost. To partially overcome this problem the

reflectors on the sphere were increased and strategically positioned.

Illustrative sketches showing an indicative position of cameras for the half-immersed

and for the underwater models of Session 3 relative to floaters are reported, respectively,

in Figures no. 4.27 and no. 4.26.

146



Chapter 4. Experimental study

Figure 4.26: Indicative position of motion capturing cameras for the half submerged
model tests.

Figure 4.27: Indicative position of the motion capturing cameras for the fully submerged
model tests.
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Laser sensor

For what concern the laser sensor, following manufacturer guidelines this was set to

analogue mode and optimized for the range of distance of interest. After doing so, the

measurement was checked by using a simple rig made of a sliding laser reflector and a

standard ruler. For Model 1 the Spike2 software screen-shot is reported in Figure 4.28

showing calibration data of the laser sensor. In this figure, the signal is already corrected

with the calibration factor found. The 15 steps showed in the graph correspond to 15

distances of 1 millimetre.

Figure 4.28: Spike2 screen-shot during calibration of laser sensor for Model 1.

Wave probes

The wave probes were calibrated by using a ruler on a sliding frame positioned over

the tank. The method consisted of using at least ten different distances in between the

range of interest. The voltage signal of the wave probe through the Spike2 software was

recorded. Following a linear fit a factor for multiplying the signal, so that this last was

matching the linear fit, was calculated and used to calibrate the raw signal. In practice,

the process was same as for the laser calibration for which the Spike2 screen-shot is
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reported (Figure 4.28).

Load cells

For all models, the load cells were accurately calibrated with different weights. The

voltage signal, similarly as for the wave probes, was recorded; and with a linear fit,

calibration factors were found.

For Model 1 weights up to 1.5 kg with a minor increment of 0.01 kg were used. Due to

different model scale, for models used in Sessions 2 and 3 other weights values up to 5

kg were used. These weights were needed to simulate static loads. For illustration in

Figure 4.29 it is shown the calibration curve relative to Session 3. The calibration of

the load cells in all experiments was repeated at least two times, so to make sure that

the process was repeatable.

Figure 4.29: Calibration of load cell.
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4.5.3 Mooring lines and pulleys

Depending on the type of mooring line and pulley used, in different ways, damping other

than PTO damping was affecting the experiment. For this reason, best components

aiming at reducing any source of extra damping were selected over the available options.

This additional system damping was due to friction and viscous losses.

Compared to steel wire the dyneema ropes available were thinner and smoother. Thus,

viscous and hydrodynamic damping due to its movement into the water was reduced.

In addition, thanks to bending properties the dyneema rope, wherein contact to the

motor worm and pulley, showed to be a better option for reducing the extra damping

in the form of friction losses.

For what concerns Session 1 the mooring line was selected between two options: a steel

wire and a dyneema rope. The latter rope was used in Session 1, this had a diameter

of 0.2 mm. Due to its material properties, this value of diameter was assumed to be

sufficient. For a 5.5 m long rope a preliminary test for assessing the elongation was

conducted and results are shown in Figure 4.30. This test simply concerned tying one

end of the line to a fixed point and the other end to a weight. Different weights were

used so to measure axial extension due to stretching for different load values, as reported

in Figure 4.30. The extension as illustrated in this figure is linearly proportional to

the load applied. These results refer to a 5.5 meter rope. During the experiment the

total length of the rope used was c.a. 1.5 m. Thus, considering the exact length of the

mooring line and the tension range, by proportion the maximum extension of the line

was estimated to be limited to c.a. ±3 mm. Thus limited stretching occurred.

Differently, during Session 2 only the steel wire was available and, thus, this was used.

This type of mooring line is conventional and given its thickness the elongation was not

a concern. Thus, at the time of the experiment, this was not assessed. Despite this,

due to roughness and thickness, viscous damping in water and friction due to contact

with the pulley were successively assessed to be relevant. Viscous effects were roughly
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Figure 4.30: Preliminary test on elongation of the dyneema rope used during Session
1 (0.2 mm diameter).

evaluated by using the Morison’s equation, and friction losses due to contact of the

mooring line with the pulley were measured through dry oscillations tests. These lasts

tests are described in Subsection 4.5.3.

As for Session 1 in Session 3, a dyneema rope was used for the mooring line component.

This had a diameter of 0.5 mm. Results of the elongation test of this rope are reported

in Figure 4.31. In this case, as loads are much greater than Session 1 and the rope

is just 0.5 mm in diameter, the measured extensions are relatively higher than those

measured for the 0.2 mm rope. As illustrated in Figure 4.31 the axial extension of the

rope, also, in this case, is very linear. These tests results (Figure 4.31) represent the

assessment for a 6 m long dyneema rope of 0.5 mm diameter used in Session 3. For the

range of operation, the maximum extension of the line in Session 3 was estimated to

be c.a. ±6 mm. Again also, in this case, the stretching was limited.

To note that the measurement of the elongation of the mooring lines shown in Fig-

ures 4.30 and 4.31 comprehend stretching due to deformation, due to elasticity and due

to knots’ compression.

To select the best mooring line, between stainless steel and dyneema options available,

to be used in Session 3, the forces acting on mooring lines were also estimated. For
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Figure 4.31: Preliminary test on elongation of the dyneema rope used during Session
3 (0.5 mm diameter).

roughly determine the magnitude of these forces acting on the mooring lines used during

the experiments, a conservative estimation method regarding the use of the modified

Morison’s Equation (Eq. 4.1 (Sumer and Fredsœ, 2006)) was implemented. The factors

utilised in the modified Morison’s Equation 4.1 were chosen as maximum quantities

occurring during experiments. In order to determine the total force acting over all the

mooring component, the line was assumed to be a vertical axis cylinder divided into

10 sections.

F =

10∑
i=1

(
1

2
ρCDD(Ui − Uw−i)|Ui − Uw−i|+ ρCMA(U̇i − U̇w−i) + ρAU̇w−i

)
hi (4.1)

Equation 4.1 was evaluated for the case of maximum predicted buoy surge response

X for each experiment (3 mooring lines). Where Ui = ωX is the floater’s velocity

amplitude at surge resonance frequency linearly decreasing with depth. The mooring

line was discretized in 10 elements indicated by hi. Where the horizontal water particles

acceleration and velocity, Uwi and U̇wi, are calculated with the linear waves theory for

each element hi. The total force acting on the mooring line includes the Froude Krylov,

drag and inertia forces. Together with the module of the total horizontal force, all
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factors used for evaluating Equation 4.1 are reported in Table 4.13.

Quantity description Symbol Unit
Session no. 1 2 3

Mooring line material dyneema stainless steel dyneema
Hydrodynamic mass coef. Cm 1.00 1.00 1.00

Drag coefficient Cd 1.50 1.50 1.50
Water density ρ 1000.00 1000.00 1000.00 kg/m3

Mooring line diameter d 0.20 1.50 0.50 mm
Mooring line length h 0.59 1.62 1.69 m

Max. Ẋ U 0.04 0.39 0.39 m/s

Max. Ẍ U̇ 0.20 2.22 2.22 m/s2

Max. surge X 9.17 67.48 67.48 mm
Max. surge ang. freq. ωX 4.65 5.74 5.74 rad/s

Wave number k 2.20 3.36 3.36 1/m
Wave amplitude a 0.01 0.03 0.03 m/s2

Total horizontal force F 0.02 3.40 1.12 N

Table 4.13: Details of calculation of horizontal force acting on mooring lines.

In Table 4.13 it can be observed that by using the dyneema rope during Session 3 the

module of the total horizontal force acting on mooring line is three times less than

stainless steel cable used in Session 2. Thus the dyneema mooring line was chosen.

To note that the total horizontal force acting on the mooring line was calculated just

for comparing the various options considered. This force is far greater than the real

horizontal force exerted upon the buoy by the line. As the mooring line swivels along

the pulley most of the total horizontal force calculated, which is acting on the mooring

line, is counteracted by the pulley.

In Session 3 one dyneema rope and two steel cables, to be used as for the mooring

line, and a series of pulleys, were also assessed a priori with oscillation tests. Friction

losses concerning extra damping were quantified. The combination of a dyneema 0.5

mm thick rope, with an in-house build pulley having ceramic bearings, was found to

be a better option compared to available components and parts used in Session 1 and

2. More details of preliminary oscillations tests concerning pulley selection will be

discussed in Subsection 4.5.3.
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Five standard nautical and manufactured in-house pulleys, during Session 1 and 2, were

assessed. These were of different radius and quality. For Session 1 and 2 a conventional

good quality nautical pulley with a diameter of 35 mm was used. Other pulleys were

smaller and when manually rotated presented evident friction. These pulleys were then

assessed in a better way during Session 3, as described in Subsection 4.5.3.

Assessment of friction losses during Session 3

During Session 3 the available pulleys were assessed in a more rigour manner, and the

best combination of mooring line type and pulley was identified. Oscillations tests

with a rig made of a spring, a mooring line and a weight, were run so to quantify

friction losses (without motor). Six pulleys were assessed by monitoring oscillations

time of the weights, as these last were released from a fixed initial position z0 = 0.1 m.

A damped mass-spring model (also used for calibrating the servomotor), explained in

Subsection 4.5.5, was utilised to calculate an indicative damping coefficient reflecting

friction losses for each pulley.

The set-up assembled for this preliminary tests is illustrated in Figure 4.32.

Figure 4.32: Test rig for selection of pulleys.

In Table 4.14 the results of oscillations tests are reported. As it can be observed in
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this table, over the seven combinations, the custom-made pulley with ceramic bearings

combined with the dyneema rope was the option by which oscillations were the least

damped (18.9 seconds long). These new components were then selected and used

in Session 3. For these tests, the weight value was chosen as the value needed for

having the same pre-tension of the experiments in the water. Damping coefficients

reported in Table 4.14 give an indication of the friction losses. For the selected in-

house manufactured pulley with ceramic bearings, tested with the dyneema rope, the

damping due to friction during the test was estimated to be c.a. 0.9 kg/s. This value

is considerably less than the others.

Pulley descr. Wire/rope Wire/rope diameter Oscillation time Damping coefficent
(mm) (s) (kg/s)

Custom allumium pulley steel 2 9.28 2.50
Custom ceramic pulley steel 2 9.29 2.49
Custom ceramic pulley dyneema 0.5 18.90 0.90

Pulley A (Laser) steel 2 4.03 5.00
Pulley B (Harken) steel 2 3.87 5.50

Pulley C (Barton with no bearings) dyneema 0.5 n.a. (overdamped) 30.00
Pulley D (Small Harken) dyneema 0.5 3.21 6.00

Table 4.14: Results of friction losses assessment for different combinations of compo-
nents

4.5.4 Spring component

The spring component was selected between available options. Some springs were cut

so to obtain their spring stiffness closer to the wanted values. All springs were charac-

terized by measuring their stiffness curve. For the illustrative purpose in Figure 4.33

are shown results of preliminary characterisation measurement tests on springs con-

sidered for Model 1. These tests, concerned merely of tying one side of a spring to a

fixed frame, and to the other side a weight. By changing the weight value all springs

displacements were recorded as showed in Figure 4.33. The same procedure was done

for springs used during Sessions 2 and 3.

For Session 1 the spring defined as medium stiffness in Figure 4.33 was chosen. This

spring is rated c.a. 0.015 N/mm and was finally adopted for all tests concerning Model

1.
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Figure 4.33: Characterization of different options for the selection of spring to be used
for Model 1.

Similarly, for Sessions 2 and 3 other springs were assessed. The stiffness value of 9

springs was measured. The results for 5 of these springs are shown in Figure 4.34. The

spring defined by no.5 in Figure 4.34 was the one used in most of the tests relative to

Sessions 2 and 3. This spring was selected from the available options as its stiffness

range was more close to the desired stiffness value at the set pretension, i.e. 165 N/m.

Also, another spring rated c.a. 355 N/m was used when tested Models 3b and 3c.

156



Chapter 4. Experimental study

Figure 4.34: Measurement of springs’ stiffness during Sessions 2 and 3.

4.5.5 Motor calibration

First method

Before starting testing the model in water, during Sessions 1 and 2 the electric motor,

used as a damper, was calibrated by performing a series of tests. These tests were

systematically conducted, for tuning the analog adapter (voltage gain and offset values)

and for characterising the digital unit by which the electric motor used as a damper was

controlled. During these tests, a series of weights were attached to a rope, which was

driving the servomotor. For both, clockwise and counterclockwise directions the weights

were dropped and time of 1 m fall was recorded. From the falling time information,

the speed was calculated. For illustration, Figure 4.35 shows calibration tests results

obtained for Model 1. This figure shows the results of the calibration for Model 1. The

horizontal axis represents the force applied which is proportional to the weights used.

The Y-axis represents the damping coefficients, these are calculated by dividing the

force by the falling speed.

In Figure 4.35 the value of damping coefficient simulated by the servomotor in both

directions of rotation is illustrated. For normal operation of the PA, a variation of
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Figure 4.35: Calibration of motor (1st method).

ca. 0.4 (kg/s) of the target damping constant Cpto can be observed. Considering that

the expected value of Cpto had to be equal to 3.64 (kg/s) the calibrated motor was

simulating at times a damping coefficient distorted by a factor of c.a. ± 11%. Detailed

uncertainty analysis is reported in Section 4.7. As a consequence, a better calibration

method was then implemented in Session 3.

Second method

For calibrating the servomotor used as a PTO damping mechanism, together with free

falling weights tests used during Sessions 1 and 2, in Session 3 also preliminary tests

concerning free oscillations of weights were performed. The servomotor used was the

one used in Session 1, and it was configured in the same way. Refer to Section 4.4.4

and Figure 4.23 for details.

The new method concerned of targeting the right damping force by tuning the analog

amplifier and MyRio device during free oscillations tests. At first, the analog damper

was roughly tuned following the first method. Successively the settings of the LabView
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model, which controlled the MyRio device, were identified through oscillations tests.

A test rig was used for this purpose, this is shown in Figure 4.36. This was mainly

formed by a fixed frame where a spring component was tied to; a rope connected

to the spring; and the electric motor which was driven by the line. In order to obtain

oscillations in the required range of frequencies out of water, different springs were used

to modify the natural frequency of the system. In practice, the mass was released from

an initial offset and time series displacements of the oscillatory motion were monitored

with the laser sensor, CED unit and Spike software. Successively, the classic second

order differential equation, describing the motion of the damped harmonic oscillator,

was solved a number of times at the end of each dry oscillation test for determining the

damping coefficient value to assign to the oscillations under study. The parameters of

the damped harmonic model were varied so to obtain a numerical solution matching

the test result. In order to perform this task, a specific Matlab script was written

and executed a number of times after each oscillations test. The oscillations tests were

repeated for a range of damping values.

Figure 4.36: Rig constructed for calibrating the servomotor with the second method.
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[kg/s]
freq. (Hz): 0.92 0.95 0.99 1.02 1.05 1.08 1.11 1.15 1.18 1.21 1.24
ω (rad/s): 5.80 6.00 6.20 6.40 6.60 6.80 7.00 7.20 7.40 7.60 7.80

Digital gain (n.d.)
1.00 40.00 38.60 37.20 35.80 34.40 33.00 31.60 30.20 28.80 27.40 26.00
1.10 41.00 39.46 38.06 36.66 35.26 34.10 32.72 31.34 29.96 28.58 27.20
1.20 42.00 40.32 38.92 37.52 36.12 35.20 33.84 32.48 31.12 29.76 28.40
1.30 43.00 41.18 39.78 38.38 36.98 36.30 34.96 33.62 32.28 30.94 29.60
1.40 44.00 42.04 40.64 39.24 37.84 37.40 36.08 34.76 33.44 32.12 30.80
1.50 45.00 42.90 41.50 40.10 38.70 38.50 37.20 35.90 34.60 33.30 32.00
1.60 46.00 43.76 42.36 40.96 39.56 39.60 38.32 37.04 35.76 34.48 33.20
1.70 47.00 44.62 43.22 41.82 40.42 40.70 39.44 38.18 36.92 35.66 34.40
1.80 48.00 45.48 44.08 42.68 41.28 41.80 40.56 39.32 38.08 36.84 35.60
1.90 49.00 46.34 44.94 43.54 42.14 42.90 41.68 40.46 39.24 38.02 36.80
2.00 50.00 47.20 45.80 44.40 43.00 44.00 42.80 41.60 40.40 39.20 38.00
2.10 51.50 48.82 47.40 45.98 44.56 45.30 44.06 42.82 41.58 40.34 39.10
2.20 53.00 50.44 49.00 47.56 46.12 46.60 45.32 44.04 42.76 41.48 40.20
2.30 54.50 52.06 50.60 49.14 47.68 47.90 46.58 45.26 43.94 42.62 41.30
2.40 56.00 53.68 52.20 50.72 49.24 49.20 47.84 46.48 45.12 43.76 42.40
2.50 57.50 55.30 53.80 52.30 50.80 50.50 49.10 47.70 46.30 44.90 43.50
2.60 59.00 56.92 55.40 53.88 52.36 51.80 50.36 48.92 47.48 46.04 44.60
2.70 60.50 58.54 57.00 55.46 53.92 53.10 51.62 50.14 48.66 47.18 45.70
2.80 62.00 60.16 58.60 57.04 55.48 54.40 52.88 51.36 49.84 48.32 46.80
2.90 63.50 61.78 60.20 58.62 57.04 55.70 54.14 52.58 51.02 49.46 47.90
3.00 65.00 63.40 61.80 60.20 58.60 57.00 55.40 53.80 52.20 50.60 49.00

Table 4.15: Extract of look-up matrix used to regulate the servomotor during experi-
ments

More in details, for a specific factor named as digital gain defining the damping ampli-

fication due to the control of the myRio device, the equation of motion of the unidirec-

tional spring-mass-damper system was solved multiple times. Each time the numerical

results concerning the mass displacement were compared with the test results. For a

range of digital gain values the damping coefficient C was searched. Essentially, to

accomplish this, the script was evaluated, each time by correcting the C value, until

both, numerical and measured displacement time series were matching.

Once all tests were performed for all digital gain values a look-up matrix was defined.

With this matrix it was then possible to pick the correct digital gain value, when a

particular waves frequency and a particular damping value C were chosen. An extract

of this look-up matrix is reported in Table 4.15. Where the elements of this matrix are

the damping coefficients C (kg/s). This matrix was then used during the experiment

for setting the MyRio device depending on the desired damping value and regular waves

angular frequency.

For illustration in Figure 4.2 is reported a screen-shot of the interface of the Spike2
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software showing the time series of the mass displacement time series concerning an

oscillations test.

Figure 4.37: Example of test for calibration of motor following the second method
(Spike screen-shot).

The damped harmonic oscillator model implemented is described by Equation 4.2.

mz̈(t) + Cż(t) +Kz(t) = 0 (4.2)

where m is the mass, C is the damping coefficient and K is the spring stiffness constant.

Equation 4.2 was solved for finding the displacements of the mass in the time-domain.

This was possible by using the ode23 Matlab built-in algorithm.

4.6 Experimental data post-processing

The data, acquired during the experimental work carried out at both hydrodynamics

laboratories, was analysed in two ways. The first way concerned extracting the data

directly from the software Spike2. The other way related to using various Matlab scripts

and functions which were written for post-processing purposes.

The first way was followed for only analysing regular waves tests results. This consisted

of merely examining each Spike2 channel manually. The sinusoidal fitting function was

used for obtaining the values of amplitude and frequency for each quantity recorded.
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These values were calculated, always, for an interval for which the floater’s heave mo-

tion was in resonance with waves. The interval represented a time period after transient

effects, due to initial waves, have died out. The values were then copied into a spread-

sheet.

The other way of post-processing data related to using a Matlab script. For regular

waves tests, a code capable of making the sinusoidal fitting operation automatically

was written and used for this operation. In order to check that the script was robust,

the sinusoidal fittings obtained in Matlab were compared with the output obtained

manually by using the Spike2 software. As desired, the sinusoidal fittings were the

same. The advantage of using the Matlab script was that the results were analysed

within a loop for all tests. The interval for which the fitting was computed, in this

case, was defined by the number of oscillations. Also, in this case, the interval was

taken when floater was in resonance with incoming waves and the effect of initial waves

finished. In all circumstances, this period begins after a fixed time from the moment

when the first wave was touching the floater. In order to discard tests with evident

uncertainties, all data was preliminarily plotted in an automatic way. The tests that

for any reason had uncertain validity, e.g. those where unexpected large yaw or pitch

or roll occurred, were discarded manually.

For both mentioned ways, a sinusoidal fitting operation, described by Equation 4.3,

was implemented for obtaining amplitude, offset and frequency values of the specific

interval.

f(x) = a0sin(a1x+ a2) + a3 (4.3)

In Equation 4.3 a1,a2 and a3 represent coefficients that need to be found. These are

searched by an algorithm starting from an initial guess. For both Spike2 software and

Matlab script, when the solving algorithm did not converge, the coefficients relative to

the wave probe signal fit were used as an initial guess. This resolution normally allowed
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to find valid solutions. The operation was possible because the wave probe signal was

the most regular sinusoidal oscillations between all channels acquired during all tests

run.

For what concern time series of free oscillations regular and irregular sea tests, other

Matlab scripts were written and used for analysing results. These scripts mainly served

for: correcting the offsets, and for converting results to real scale or dimensionless form.

The Froude scaling laws, introduced in Chapter 2 Section 2.3, were used for scaling

experimental results when these lasts had to be compared with real-scale numerical

results.

4.7 Uncertainty and repeatibility analysis

Following the guideline provided by ITTC (2017b) the uncertainties of the different

models tested were calculated. Tables no. 4.16, no. 4.17, no. 4.18 and no. 4.19 report

results of the uncertainty analysis relative to all models tested. In this section the

various types of uncertainty factors used are defined and calculations for obtaining

these are explained.

In practice 5 types of uncertainty values were calculated, namely: the standard uncer-

tainty Type A us−A, the standard uncertainty Type B us−B, the standard uncertainty

us, the combined uncertainty uc and the expanded uncertainty ue. The operations for

calculating these values are described next.

Standard uncertainty

The standard uncertainty us is defined as:

us =
√

(us−A)2 + (us−B)2 (4.4)
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where the us−A and us−B are respectively the Type A and Type B uncertainties values.

Type A uncertainty reflects repeatability of tests. This dependents on statistical errors

and it is calculated by the equation:

us−A =
s√
n

(4.5)

where n is the number of repeated tests and s is the standard deviation defined as:

s =

√∑n
k=1(qk − q)
n− 1

(4.6)

here qk is the empirical reading associated to a particular test and q is the mean value

obtained from all repeated tests in consideration.

The us−A values were calculated from repetitions of a particular test. For Model 1 and

Model 2 regular waves test was repeated three times. For the first model the repeated

tests were run with a = 12.5 mm and ω = 5.8 rad/s. Instead, repeated tests of Model 2

were run by setting a = 30.0 mm and ω = 4.3 rad/s. Differently, for Model 3a five tests

were repeated three times plus one test was repeated five times. Finally, for Models 3b

and 3c another test was repeated in total three times.

Type B uncertainty as discussed by ITTC (2017b) is not based on statistical methods

and can be estimated by prior experience, calibration of equipment, manufacturers’

specifications and other relevant information.

Concerning the wave probes, load cells and laser sensor the fundamental linear regres-

sion analysis, as reported by ITTC (2017a), was used to calculate us−B uncertainties.

This method concerned using calibration data for each instrument. In practice, as

for these sensors, the calibration data was very linear, a straight line was fitting well

the calibration data; thus it was possible to use the following simple equations for

calculating us−B.
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At first the residuals were calculated (Equation 4.7).

Residi = yi − a− bxi (4.7)

The residuals Residi are the difference between the empirical data and the linear fit.

The next step is the calculation of the sum of the square of residuals (Equation 4.8.

SSR =
N∑
i=1

(Residi)
2 (4.8)

Then the Type B standard uncertainty can be calculated with Equation 4.9.

us−B =

√
SSR
n− 2

(4.9)

For what concerns the us−B uncertainty of the floater motion (heave and surge) the

value relative to maximum residual data obtained from the Qualysis software was used.

The Qualysis software directly gave this.

Type B uncertainties were also calculated for the measurement of the PTO damping

and spring stiffness.

Regarding PTO damping, another approach was implemented for evaluating its uncer-

tainty us−B−PTO. This concerned of specific calculations of the motor’s torque. Mostly,

this was necessary so to justify the fact that during the experiment the motor’s friction

and inertia were neglected. Thus, the following torque relation was taken into account.

τmotor = τpto + τinertia + τfriction (4.10)

Where terms on the right side of Equation 4.10 are respectively: desired motor torque,

torque due to motor inertia and torque due to friction.
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For the servomotor used in Sessions 1 and 3, the motor torque friction was estimated to

be very low. The maximum torque friction value provided by Virgala, Frankovsky, and

Kenderov (2013), who run experiments on a similar motor, was scaled up by a factor

of 10 and applied to our motor. Considering the motor worm of a radius of 0.024 m

the maximum existing load due to friction was estimated to be c.a. 0.0005 N. Thus,

this value was taken as motor friction uncertainty us−B−friction.

The motor torque due to inertia is defined as:

τ = J
z̈

r
= r|Finertia| (4.11)

where J is the motor’s inertia constant provided by the manufacturer, and r is the

motor worm radius.

Thus, after substituting z̈ = −ω2z in Eq. 4.11, the module of the load due to motor

inertia was evaluated by Equation 4.12.

|Finertia| = −
Jω2z

r2
(4.12)

Taking into consideration the average heave velocity of the floater at resonance, the

uncertainty of damping constant due to both effects of inertia and friction was combined

with Equation 4.13.

us−B−Cpto '
√
u2
s−B−inertia + u2

s−B−friction (4.13)

Once springs selected were characterized, the linear regression analysis (Eq. 4.7 to 4.9)

was used to evaluate the us−B uncertainty relative to the stiffness measurement.

Uncertainties in defining fixed models’ parameters were also estimated. These concern

floater’s mass, floater’s radius and mooring length. Depending on scales or rulers used,
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reasonable values were picked for estimating us−B in this case.

The uncertainty in determine pretension was set equal to the uncertainty related to

load cell.

Combined and expanded uncertainties

Successively, from the available information on uncertainties, the combined and ex-

panded uncertainty values were estimated.

At first, the combined uncertainty concerning the measurement of power was estimated.

The power was calculated from 3 inputs. In fact, this was an indirect measurement,

and so another approach was required for calculating its uncertainty. Considering that

power is defined as P = Cpto ˙̀2 where ` is the displacement of the mooring line and in

the frequency-domain ˙̀ = πf |`|, power can be defined as: P = Cptoπ
2f2|`|2. The Data

Reduction Equation for this last formula of power was found to be Equation 4.14

u2
c(P ) =

(
∂P

∂Cpto

)2

u2
c(Cpto) +

(
∂P

∂f2

)2

u2
c(f

2) + 2

(
∂P

∂|`|

)2

u2
c(|`|) (4.14)

where the second term can be neglected because uncertainties of frequency f is almost

nil. After substituting ∂P
∂π2 = π2f2|`|2 and ∂P

∂|`| = 2Cptoπ
2f2|`| into Equation 4.14

Equation 4.15 is obtained. This last was used to calculate uncertainty related to the

power measurement.

uc(P ) =
√

(π2f2|`|2)2 + 8(Cptoπ2f2|`|)2u2
c(|`|) (4.15)

With exception the power measurement uncertainty, for all other cases, the standard

uncertainty us was set equal to the combined uc uncertainty.

Following the calculation of the combined uncertainty uc, the expanded uncertainty
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ue was calculated for all measurements. For this purpose, a 95% confidence level was

assumed, and through the student’s distribution table, a coverage factor k = 4.30 (for

3 repetitions) was identified. Given this coverage factor, the expanded uncertainty ue

was then calculated with Equation 4.16.

ue = kuc (4.16)

4.7.1 Uncertainty analysis results

Results of the uncertainty analysis explained in the previous section are reported in

Tables no. 4.16, no. 4.17, no. 4.18 and 4.19, respectively for the 5 models tested. For

Model 3a more tests of particular regular waves parameters were repeated (Tab. 4.18).

Where in the tables exists an empty space it means that for that particular case no value

was possible to calculate. Instead, were ’NA’ is indicated the value is not available,

meaning that no repetitions were done for evaluating that particular value. All values

reported in these tables are of plus-minus ± sign.

Depending on the model considered, the uncertainty values were calculated for repeated

tests of regular waves of specific a and ω parameters. These parameters are stated in

the second row of reported tables.

With Model 3a more tests were repeated. Two sets of repetitions concerned tests when

the floater presented maximum heave resonance, one more set of repetitions regarded

relatively low-frequency waves. Besides a further test was repeated five times for further

investigating repeatability. For ω = 6.6 rad/s maximum amplitudes were occurring

(Table 4.18) and, thus, the uncertainties, in this case, were the highest compared to

other waves frequencies.

Similarly for Models 3b and 3c maximum heave amplitude occurred for ω = 0.95 rad/s.

Uncertainties for these models are reported in Table 4.19.
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Diversely, for Models 1 and 2, as the floater’s heave motion results did not show a

precise peak, tests with waves of other ω values were repeated for later calculate the

uncertainties relative to these models. Despite this, the ω values considered for Models

1 and 2, reported in Tables 4.16 and 4.17, represent tests were heave amplitude was

relatively high compared to other wave frequencies.

At predicted peak frequency heave motion was limited, meaning that the system damp-

ing, due to some reasons, was more than what was desired. For clarity, this extra

damping was given by uncertainties concerning PTO damping calibration and extra

damping due system friction.

In Table 4.16 there are shown results of the uncertainty analysis for Model 1 (1:86

scale). The uncertainties values reported concern regular waves tests of a = 6.5 mm

and ω = 5.8 rad/s repeated three times. As Session 1 concerned experiments at a

smaller scale (with respect to Session 2 and 3) no direct comparison, between this and

the other two sessions, of results is possible.

Model 1 - 1:86 scale Units us−A us−B us ue
± a = 6.5, ω = 5.8 k = 4.3

Heave Ampl.(mm) 0.130 0.600 0.614 2.640
Freq.(rad/s) 0.028 0.028 0.122

Surge Ampl.(mm) 0.195 0.600 0.631 2.713
Freq.(rad/s) 0.080 0.080 0.343

Direct measurements Sonic probe Ampl.(mm) 0.098 0.800 0.806 3.466
Freq.(rad/s) 0.000 0.000 0.001

Load Ampl.(N) 0.002 0.015 0.015 0.065
Freq.(rad/s) 0.001 0.001 0.005

Displacement Ampl.(mm) 0.082 0.850 0.854 3.672
Freq.(rad/s) 0.003 0.003 0.012

Simulation of PTO PTO damping (kg/s) 0.919 0.919 NA
Spring (N/m) 3.860 3.860 NA

Mass of floater (kg) 0.002 0.002 NA
Fixed parameters Radius of floater (mm) 0.200 0.200 NA

Length of line (mm) 3.000 3.000 NA
Pretension (N) 0.002 0.015 0.015 0.065

Indirect measurement Power (W) 0.024

Table 4.16: Model 1 experiment uncertainties.

In Table 4.17 there are shown results of the uncertainty analysis for Model 2 (1:33
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scale). The uncertainties values relate to one regular waves tests of a = 17.5 mm and

ω = 4.3 rad/s repeated 3 times.

Model 2 - 1:33 scale Units us−A us−B us ue
± a = 17.5, ω = 4.3 k = 4.3

Heave Ampl.(mm) 0.456 0.800 0.921 3.960
Freq.(rad/s) 0.057 0.057 0.247

Surge Ampl.(mm) 0.725 0.800 1.080 4.642
Freq.(rad/s) 0.060 0.060 0.257

Direct measurements Sonic probe Ampl.(mm) 0.214 0.700 0.732 3.147
Freq.(rad/s) 0.059 0.059 0.252

Load Ampl.(N) 0.049 0.015 0.051 0.219
Freq.(rad/s) 0.054 0.054 0.233

Displacement Ampl.(mm) 0.525 0.850 0.999 4.296
Freq.(rad/s) 0.053 0.053 0.228

Simulation of PTO PTO damping (kg/s) 9.318 9.318 NA
Spring (N/m) 14.602 14.602 NA

Mass of floater (kg) 0.005 0.005 NA
Fixed parameters Radius of floater (mm) 0.800 0.800 NA

Length of line (mm) 0.700 0.700 NA
Pretension (N) 0.049 0.015 0.051 NA

Indirect measurement Power (W) 0.667

Table 4.17: Model 2 experiment uncertainties.

In Table 4.18 the results of the uncertainty analysis for Model 3a (1:33 scale) are shown.

The uncertainties values relate to 3 regular waves tests repeated three times. On the

first row of columns 4, 5, 6 are reported the parameters (wave amplitude a in mm and

angular frequency ω in rad/s) for the waves generated during repeated tests. Thus, in

this table there are 3 columns for the us−A, us and ue values.

As can it be observed by comparing Tables no. 4.17 and no. 4.18, uncertainties values

related to direct measurements do not change much between Models 2 and 3a. Differ-

ently, for Model 3a the PTO damping standard uncertainty is c.a. six times reduced

with respect to Model 2. Similarly, the expanded uncertainty in measuring power is

greatly reduced in Model 3a (c.a. by a factor of 10).

In Table 4.19 are shown results for Models 3b and 3c. As it was for Models 1 and

2, also, in this case, one regular waves test was repeated three times (a = 30 mm

and ω = 0.95 rad/s). For these models, the surge and heave displacement related
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Model 3a (1:33) Units us−A us−B us ue
± a = 30 a = 30 a = 60 k = 4.3

ω = 2.3 ω = 6.6 ω = 6.6

Heave Ampl.(mm) 0.763 1.545 2.390 0.800 1.105 1.740 2.520 4.753 7.482 10.838
Freq.(rad/s) 0.002 0.008 0.004 0.002 0.008 0.004 0.008 0.036 0.018

Surge Ampl.(mm) 0.660 0.123 0.310 0.800 1.037 0.809 0.858 4.460 3.481 3.690
Freq.(rad/s) 0.005 0.017 0.003 0.005 0.017 0.003 0.021 0.073 0.013

Direct meas. Wave probe Ampl.(mm) 0.891 0.341 2.099 0.700 1.133 0.779 2.213 4.873 3.349 9.516
Freq.(rad/s) 0.002 0.004 0.003 0.002 0.004 0.003 0.009 0.016 0.013

Load Ampl.(N) 0.056 0.119 0.138 0.015 0.058 0.120 0.138 0.250 0.517 0.595
Freq.(rad/s) 0.001 0.007 0.004 0.001 0.007 0.004 0.006 0.031 0.016

Displacement Ampl.(mm) 0.822 1.730 2.176 0.850 1.183 1.927 2.336 5.085 8.288 10.044
Freq.(rad/s) 0.002 0.006 0.003 0.002 0.006 0.003 0.007 0.028 0.011

Sim. of PTO PTO damping (kg/s) 1.473 1.473 1.473 1.473 NA NA NA
Spring (N/m) 13.212 13.212 13.212 13.212 NA NA NA

Mass of floater (kg) 0.005 0.005 0.005 0.005 NA NA NA
Fixed param. Radius of floater (mm) 0.800 0.800 0.800 0.800 NA NA NA

Length of line (mm) 6.000 6.000 6.000 6.000 NA NA NA
Pretension (N) 0.056 0.119 0.138 0.015 0.058 0.120 0.183 0.250 0.517 0.786

Indirect meas. Power (W) 0.030 0.328 1.221

Table 4.18: Uncertainties relative to Model 3a

uncertainties are higher than those related to Model 3a. This increase is due to the

fact that the submerged floater displacements were much higher than Model 3a.

Besides, to further investigate repeatability of 1:33 model-scale experiments, one test

of Model 3a was repeated five times. These tests concerned regular waves of a = 30

mm and ω = 4.6 rad/s. Empirical results for these five tests and uncertainties factors

are reported in Table 4.20. During these repetitions the electric motor was switched

off (digital gain value set to zero) and all other parameters were the same as reported

in first column of Table 4.7 of Section 4.4.3.

By comparing standard uncertainty us values obtained with 5 repetitions reported in

Table 4.20 with us values relative to 3 repetitions as in Table 4.18, it can be noticed

that increasing repetitions do not affects much results of standard uncertainties. Despite

this, by having all times five repetitions, it would have permitted of to apply a coverage

factor k = 2.78 instead of k = 4.30 (the student’s distribution table reports these

factors). Thus, accordingly to Equation 4.16 in that case, the expanded uncertainties

values might greatly be reduced.

The standard uncertainty Type A value related to the wave probe intrinsically indicate

repeatability concerning making waves in the two different facilities, related to each
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Models 3b and 3c (1:33) Units us−A us−B us ue
± a = 30, ω = 0.95 k = 4.3

Heave Ampl.(mm) 8.92058 1.500 9.046 38.897
Freq.(rad/s) 0.00257 0.003 0.011

Surge Ampl.(mm) 6.47545 1.500 6.647 28.582
Freq.(rad/s) 0.00104 0.001 0.004

Direct meas. Wave probe Ampl.(mm) 0.29473 0.700 0.760 3.266
Freq.(rad/s) 0.00068 0.001 0.003

Load Ampl.(N) 0.61824 0.015 0.618 2.659
Freq.(rad/s) 0.00226 0.002 0.010

Displacement Ampl.(mm) 8.37817 0.850 8.421 36.211
Freq.(rad/s) 0.00246 0.002 0.011

Sim. of PTO PTO damping (kg/s) 1.386 (0) 1.386 (0) NA
Spring (N/m) 13.212 13.212 NA

Mass of floater (kg) 0.010 0.010 NA
Fixed param. Radius of floater (mm) 0.800 0.800 NA

Length of line (mm) 5.000 5.000 NA
Pretension (N) 0.618 0.015 0.618 2.659

Indirect meas. Power (W) 0.026

Table 4.19: Uncertainties relative to Models 3b and 3c .

experiment. For both facilities, good repeatability was found. For three repetitions

the wavemaker at the Henry Dyer laboratory produced waves with an uncertainty

us−A of c.a. 0.1 mm (Table 4.16). For five repetitions the wavemaker at the Kelvin

Hydrodynamics Laboratory produced waves with an uncertainty of us−A c.a. 0.44 mm.

To note that these values include the measurement uncertainties (Table 4.20).

Test no.: 12 25 35 38 53 us−A
Heave Ampl.(mm) 29.527 28.476 30.847 30.782 31.258 0.728

Freq.(rad/s) 4.585 4.608 4.588 4.580 4.594 0.007
Surge Ampl.(mm) 26.168 23.079 24.980 26.281 25.295 0.816

Freq.(rad/s) 4.643 4.524 4.589 4.550 4.592 0.029
Wave probe Ampl.(mm) 33.027 34.506 34.020 32.872 33.884 0.438

Freq.(rad/s) 4.596 4.609 4.594 4.592 4.594 0.004
Load Ampl.(N) 2.156 2.067 2.248 2.249 2.278 0.055

Freq.(rad/s) 4.588 4.604 4.589 4.578 4.594 0.006
Displacement Ampl.(mm) 29.732 28.305 30.742 30.927 31.253 0.758

Freq.(rad/s) 4.587 4.603 4.589 4.578 4.594 0.006

Table 4.20: Regular waves tests (a = 30 mm and ω = 4.6 rad/s) repeated 5 times.

As for the numerical code presented in Chapter 3 the inelastic mooring case was ap-

plied, during the experimental work (preliminary tests) the mooring lines elongation
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of model’s mooring components was assessed. This operation was done to understand

uncertainties due to the inelastic mooring case assumption when experimental results

are compared with numerical results. Given arguments and data presented, in Subsec-

tion 4.5.3, it was found that the inelastic case applied is generally justified. In fact,

the elongation due to stretching is considerably less compared to axial mooring dis-

placement due to the spring excursion. Besides, it was later found that considering

results of peak frequency tests for Model 3a, the mooring load is only varying by c.a.

2.5 N. For this usual variation, taking into account further previous results reported in

Subsections 4.5.3 related to the measurement of mooring elongation, is estimated an

actual mooring elongation of 3.2 mm. This elongation for a mooring displacement of

c.a. 60 mm meant 5.3% of inaccuracy. As a consequence it was found that in general

the inelastic case can be applied, saying that by using the inelastic case assumption,

the validation of numerical results with experimental data is plausible.

In general, results showed to be well repeatable also when tests were repeated after

some time. The repetitions run for each model were at least 3, two repetitions were

run after a few minutes, and the third repetition was done after hours or days. In

particular, for Session 3, repeatability was more in-depth investigated. In all cases,

some other tests were done between repeated tests, but this showed to not interfere

with results.

With the second method applied for calibrating the servo motor, the desired damping

was better tuned, and uncertainty in determining the damping was greatly reduced. In

particular, by applying the second calibration method and having implemented model’s

improvements the PTO damping uncertainty us is reduced by a factor of c.a. 6.3 from

Model 2 to Model 3a. This is clearly proved by the values of the PTO damping found

in Tables no. 4.17 and no. 4.18. In particular, for the second method, all mechanical

losses due to friction and uncertainties due to the inertia of the motor’s rotor were

intrinsic included in the measurement. As the PTO damping was better calibrated, in

Session 3 the uncertainty in measuring power was also consistently reduced.
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In general uncertainties values were the least for Session 3. The total errors in form of

percentage are reported in Table 4.21 for Models no.3a, no.3b and no.3c. These total

error values are obtained by dividing the expanded uncertainty ue to the mean values

of measurements from repeated tests and multiplying by hundreds. To note that for

calculating ue the coverage factor k given by the student’s distribution table was equal

to 4.3. These estimated errors may be reduced significantly if a lower coverage factor

would have been applied.

[± %] Model 3a Models 3b and 3c
Heave ampl. 21.41 36.28

phase 0.55 1.17
Surge ampl. 20.68 18.33

phase 1.11 0.47
Wave probe ampl. 10.76 10.02

phase 0.25 0.31
Load ampl. 20.36 36.85

phase 0.47 1.03
Displacement ampl. 24.27 34.16

phase 0.42 1.12
Power ampl. 64.45 82.18

Table 4.21: Total errors in form of percentage related to models of Session 3 for repeated
tests (peak frequency).

4.8 Results

In this section, the primary results for the five manufactured models tested in the

two hydrodynamics laboratories are reported and discussed. Following the uncertainty

analysis described in Section 4.7, depending on a specific model, only more relevant

results are treated here. The focus was given for fulfilling the first objective of the

experimental study stated in Section 4.1 (i.e. to investigate in an empirical way: the

motion response, the axial mooring line displacement, the mooring loads and the power

absorption, for the considered device).

Parameters investigated for each model are reported in Table 4.3 in Section 4.4.
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4.8.1 1:86 scale results - Session 1

Experimental data of 68 tests were collected at the Henry Dyer Hydrodynamics Lab-

oratory relative to Model 1 during Session 1. Over these tests: 50 tests were with

regular waves; 12 concerned free oscillation tests; and 6 other tests related to irregular

sea states. Regular waves in a ranges of 1.8 < ω < 12.6 (rad/s.) and 10.0 < a < 13.9

(mm) were simulated. In Figure 4.38 points represent all regular waves tests run during

Session 1. Brief descriptions of all valid tests are reported in Tables A.1 to A.2, these

can be found in the Appendix of this thesis (Section A.1 of Appendix A).

Tests were run with a fixed value of PTO damping coefficient Cpto or for no active

damping (electric motor off). Despite this, for all tests, the total system damping was

more than what was desired. In fact as reported in Section 4.7, the PTO damping

uncertainty for Model 1 was relatively high, i.e. ' ± 0.9 kg/s. As a plus, also friction

losses were relatively high for this model; thus, the desired damping value (c.a. 3.64

kg/s), was always amplified to a certain extent.

Figure 4.38: Regular waves tests - Session 1.
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Free oscillations

At first free oscillations tests, for measuring the natural frequency of the device, were

conducted. These tests concerned to release the buoyant from a position of few cen-

timetres (both in the heave and surge directions) far from its equilibrium position and

record the motion. Results of the free oscillations tests are summarized in the following

table.

Test n. Test descr. PTO Aprox. Length (s) Freq.(Hz)

fo1 Z(0)=10 mm no <1 2.76

fo2 Z(0)=20 mm no <1 2.38

fo3 Z(0)=30 mm no 1 2.63

fo4 X(0)=50 mm no 100 0.17

fo5 X(0)=100 mm no 140 0.18

fo6 Z(0)=10 mm yes <1 2.86

fo7 Z(0)=30 mm yes <1 2.13

fo8 X(0)=50 mm yes 100 0.18

fo9 X(0)=100 mm yes 140 0.18

Table 4.22: Summery of free oscillations tests results at 1:86 model-scale

The mean natural frequency found for heave free oscillations tests, reported in Ta-

ble 4.22 (Tests no.fo1, no.fo2, no.fo3, no.fo and no.fo7), was equal to c.a. 2.55 Hz. For

these tests the electric motor was switched firstly off (Test fo1-fo3) and after on (Test

fo6-fo7). When the electric motor was switched off, the floater was damped exclusively

by wave radiation damping and other sources of system damping such as motor’s fric-

tion losses and friction due to the pulley. The PTO damping force at this scale did not

modify much the heave natural frequency of the device.

Similarly, for surge free oscillations tests, Tests no.fo4, no.fo5, no.fo8 and no.fo9, as

showed in Table 4.22, the PTO force applied did not modify the surge natural frequency,

this last for all these tests was equal to c.a. 0.18 Hz. For these tests, the measurement

of the free oscillations time was much simpler. In fact, in this case, the oscillations time

was much longer compared to heave free oscillations.
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In Figure 4.39 and 4.40 are shown for illustration surge and heave free oscillations tests

time series. These figures represent data acquired for, respectively, Tests no.fo4 and

no.fo3.

During Test fo4 as showed in Figure 4.39 the Qualisys signal for little time intervals

was lost. For this reason a spline fit, indicated by the blue line in Figure 4.39, was also

plotted.

Figure 4.39: Illustration of surge free oscillations test (X(t0) = 50 mm nil digital
damping value).

In Figure 4.40 is shown the time series for the free oscillation Test fo3. As can be

noticed the free oscillations, in this case, are happening for a short time. In less than

one second major oscillations ends.
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Figure 4.40: Illustration of heave free oscillations test (Z(t0) = 30 mm and with nil
digital damping value).
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Regular waves response

For this session of experiments, the regular waves tests results in the form of RAOs are

reported in Figure 4.41.

As previously mentioned, in particular for what concerns the heave RAOs the expe-

rienced the damping force was much larger than the expected one. Thus, numerical

results used for comparison were computed by correcting the input damping value in

the numerical tool. In fact, for the FD calculation, the quantified extra damping due

to friction losses was included, this was done by increasing the PTO damping value by

a factor equal to 2/3 of the desired PTO value. This correction was done by modifying

numerical input. Once numerical results were adjusted a discrete comparison between

numerical and experimental results was found. This is shown in Figure 4.41.

Figure 4.41: RAOs of the physical model of the PA compared with numerical results.
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Regular and irregular sea time series

For illustration purposes, in Figures 4.42 and 4.43 are shown the buoy motion pattern

and mooring line tension during Test no.50 and no.79, where respectively regular waves

and irregular seas were implemented. As can be seen in the first figure, the regular waves

response only concerning the surge is more irregular. In particular at the beginning of

the time series, for surge motion, as shown in the first plot in Figure 4.42, a non-simple

sinusoidal motion was happening. This kind of pattern which is constituted by the wave

frequency response and by the lower surge natural frequency, it increases along with

the increase of regular waves frequency. For both Tests 50 and 79, the surge motion is,

in general, more than the heave showed in both second plots of these figures.

Figure 4.42: Illustration of time series indicating system response in regular waves of
a=12.3 mm and ω = 7.54 rad/s.

Due to irregularities of the model manufactured at this scale, the pitch, the roll and the
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Figure 4.43: Illustration of time series indicating system response in irregular sea char-
acterized by a generic energy spectrum created by setting: Hs=12.5 mm; Tp=0.8 s.;
gamma=2.6; and gain=1.
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sway motions, occurring during many tests, were often large, causing the data obtained

from a test challenging to be analysed. Besides, as is further discussed in Section 4.7,

because measurements uncertainties during this session were the highest, only these

few tests results relative to Model 1 are reported in this thesis.

4.8.2 1:33 scale results - Session 2

In this subsection the results concerning the Session 2 of 1:33 model-scale tests (Model

2) are described.

Due to the larger manufactured model and dimensions of the water tank, the obtained

data were, to a certain extent, more accurate than the data acquired at the 1:86 scale

model of Session 1. Despite this, during this set of tests, the friction losses and un-

certainties related to the PTO mechanism were still consistent. Thus even in this case

results were partially compromised by these issues. As a consequence, the motion of the

buoy even in this case, as for Model 1, was dampened more than what was predicted.

For this reason, only significant results for Model 2 are reported here. These concern

only regular waves tests where the wave amplitude a was incremented.

A tabular overview of all tests on Model 2 is reported in Appendix A.1.2.

Results concern surge and heave RAOs, the mooring displacement, the mooring load

and the estimated efficiency factor, obtained during regular waves for different wave

amplitudes. Following best practice, all results this time are reported in dimensionless

form. For this purpose the following dimensionless quantities are defined:

• X/a and Z/a are the surge and heave RAOs.

• F ∗ = F/(Vw · g · ρ) is the dimensionless axial mooring load, where the Vw is

the volume of the immersed part of the spherical floater, g is the gravitational

acceleration (= 9.81m/s2) and ρ is the density of fresh water (= 1000kg/m3).

• ∆L∗ = (∆L/a) is the normalized axial mooring displacement, where ∆L is the
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mooring line displacement.

• P ∗ = P/(2rPmax) is defined as the dimensionless efficiency factor relative to

power absorption, where P is the estimated mean power from the device, r is the

floater’s radius and Pmax is the wave energy flux (per unit width along the wave

crest). This last is defined as Pmax = 1
2ρga

2cg, where a is the wave amplitude

and cg = is the waves group velocity given from linear waves theory.

Regular waves

In Figure 4.38 points represent all regular waves tests run during Session 2.

Regular waves in a ranges of 1.0 < ω < 9.0 (rad/s)(0.05 < kr < 2.00) and 10 < a < 80

(mm) were simulated.

All tests were run with a fixed value of PTO damping Cpto.

Surge and heave RAOs are shown in Figure 4.45. On the horizontal axis the kr is the

dimensionless wave number equal to ω2

g r, where r is the floater radius.

Figure 4.44: Regular waves tests - Session 2.

Main results for regular waves are illustrated in Figures no. 4.45, no. 4.46 and no. 4.47).

Concerning surge heave and mooring line axial displacement, respectively showed in
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Figure 4.45 and the first plot of Figure 4.46, these are found to be linearly proportional

to the wave amplitude. This is indicated by the fact that for a same frequency, points

obtained with a different wave amplitudes almost coincide between each-other.

Figure 4.45: Response amplitude operators (RAOs) for regular waves of different am-
plitude (a).

The dimensionless mooring load and dimensionless power, respectively defined by F ∗ =

Fm/(V gρ) and P ∗ = P/Pmax/2r, are shown in Figure 4.46 and in Figure 4.47. These

values clearly increase along with the waves amplitude a. In particular this illustrated,

in second plot of Figure 4.46, for the mooring load, and in Figure 4.47, for the power.

Because the Kelvin Hydrodynamics Laboratory was available for a limited time during

Session 2, only a few tests were conducted and reported in this section. This also is

the reason why not all regular wave frequencies tested for a = 2 cm could have been
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Figure 4.46: Mooring displacement and mooring load occurring during regular waves,
for different wave amplitudes (a).
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Figure 4.47: Estimated power factor relative to regular waves of different amplitude
(a).
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run for respectively a = 4 and a = 8 cm regular waves amplitudes. Despite this, the

experiments concerning Model 3a and Model 2 were similar and, thus, there was no

need of reporting more results in this section as further extended results are reported

for Session 3. In fact, in Session 3 the facility was available for a longer time and also

experimental uncertainties were consistently reduced. Despite this, it was found to

be essential to report anyway best results of Model 2 so to have an additional set of

results that can be compared with results of Model 3a so to give an extra indication

on to which extent this type of experiments can be repeated.

4.8.3 1:33 scale results - Session 3

Major results concerning the half-immersed sphere and for the submerged sphere, are

described and reported in the next subsections.

As for previous subsections regarding Models 1 and 2, models parameters investigated

during Session 3 are reported in Table 4.3 in Section 4.4.

Results and details of all Session 3 tests are reported in tabular format in Appendix A.1.3.

Half-immersed spherical PA - Model 3a

Most of the issues relative to experiments of Session 1 and 2 for the half-immersed

moored floater were solved in Session 3. The uncertainty analysis discussed in Sec-

tion 4.7 proves this. Uncertainties relative to PTO damping for Model 3a were consid-

erably reduced. Thus concerning the half-immersed moored floater results for Model

3a are the most reliable. These are reported in this section, and in Appendix A.1.3

where also data in tabular form can be found.

In this subsection, the experimental results of Session 3, concerning the half-immersed

floater named Model 3a, are reported. As anticipated in Table 4.3, this model was

tested for five different configurations of PTO damping.
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Regular waves in ranges of 1.0 < ω < 11.5 (rad/s.)(0.1 < kr < 1.8) and 15.0 < a < 70.0

(mm) were generated during tests of Model 3a. In Figure 4.48 points represent all

regular waves tests run during evaluation of this model.

Figure 4.48: Regular waves tests - Model 3a.

In Figure 4.49 are shown results for tests with normal damping. The first two plots

represent, respectively the surge and heave RAOs. The surge RAO almost linearly

decreases when kr increases. In contrast, for kr < 1.1 the heave RAO is almost equal to

1, it present a slight peak during Test 58 when kr = 1.15 (peak frequency) and, then, it

decrease for kr > 1.2. The dimensionless mooring load, was defined as F ∗ = F/(Vw ·g·ρ)

(refer to Subsection 4.8.2 for details on dimensionless quantities), varied between 0.0075

and 0.01. The normalised axial mooring displacement defined as ∆L∗ = (∆L/a), both

in magnitude and for its pattern is very similar to the heave RAO. Diversely, the

dimensionless efficiency factor, defined as P ∗ = P/(2rPmax), is greater for 0.6 < kr <

1.5.

Results, as for Figure 4.49, relative to normal damping configuration where found also

for the other PTO damping configurations. Despite this, as these results are very

similar as Figure 4.49 these are not reported in this section. Results relative to the

low damping and high damping configurations are reported in Figures A.1 and A.2 in

Appendix A.1.3.
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Figure 4.49: Experiments results related to the normal damping configuration of half-
immersed PA in regular waves of amplitude a=0.03 m.
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The normal damping PTO damping configuration was also tested in regular waves of

a = 0.045 and a = 0.06. In Figure 4.50 are reported results for the model tested in reg-

ular waves of a = 0.06 m, i.e. wave amplitude value two times more as for tests related

to Figure 4.49. For these waves, the floater presented a heave peak when kr = 0.85.

Regular waves of a = 0.06 m and high frequencies kr > 1 were too steep, so these were

not generated otherwise waves would have broke. Both RAOs and characteristic moor-

ing displacement did not vary much compared to Figure 4.49. Also the efficiency factor

is similar for both sets of tests (Figures 4.49 and 4.50), meaning that the efficiency

of the device would not change much when wave amplitude varies. Despite this, the

dimensionless mooring load F ∗ is almost doubled when a = 0.06 m. Similar results for

a = 0.45 m regular waves tests are reported in Appendix A.1.3. Also considering this

latter case, also when the normal damping configuration is implemented, the efficiency

is unvaried.

190



Chapter 4. Experimental study

Figure 4.50: Experiments results related to the normal damping configuration of half-
immersed PA in regular waves of amplitude a=0.06 m.
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Submerged spherical PA - Session 3

In this section the results concerning the Models 3b and 3c are reported and explained.

Regular waves in ranges of 0.7 < ω < 2.1 (rad/s.) and 10 < a < 45 (mm) were

generated during tests. In Figure 4.51 points represent all regular waves tests run

during evaluation of Model no.3b and no.3c (respectively in yellow and blue colors).

Figure 4.51: Regular waves tests - Model 3a.

A consistent number of configurations concerning different system parameters were

evaluated. For each system configuration, the submerged floater was tested in regular

waves of a range of relevant frequencies close to the frequency of heave peak frequency.

For Model 3b the PTO damping configurations this time were five, and these correspond

to the following values.

Cpton0
∼= 13 kg/s (motor friction), n=0;

Cpton1
∼= 18.5 kg/s, n=1;

Cpton2
∼= 24 kg/s, n=2;

Cpton3
∼= 28.1 kg/s, n=3;

Cpton4
∼= 31.5 kg/s, n=4;
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where n is the value assigned to the digital controller used (in the tables of the empirical

results this is named digital gain value).

The vertical position of the spherical floater corresponded the length of the mooring

line minus the immersion depth. The latter was also varied by three different values.

These were set to the dimensionless values of f/r = 1.5, f/r = 2 and f/r = 2.5. Were

f is the length between the free surface and the centre of the spherical floater and r is

again is the floater’s radius. At the experiment scale these depths corresponded to the

following values:

Immersion depth no.1 (f/r = 1.5) = 0.345 m

Immersion depth no.2 (f/r = 2) = 0.46 m

Immersion depth no.3 (f/r = 2.5) = 0.575 m

The spring used for the majority of tests was the one also used during tests concerning

the half-immersed sphere. Along with the submerged model also another spring was

used. This spring had a spring stiffness of c.a. 400 N/m.

Next, are reported results only concerning the main findings. Each of the following

figures represents tests related to a particular system configuration. From Figure 4.52

to Figure 4.54 the immersion depth was varied from Imm. depth 1 to Imm. depth 3.

Differently, for obtaining results in Figures 4.55 and 4.56 the damping value was

changed.

In Figures 4.57 the results for the configuration where the servomotor was removed are

shown. These results can be compared with results shown in Figure 4.53 concerning

the same Imm. depth when the damping value was set to Cpton4.

For the 3 immersion depths and for most quantities investigated (Figures 4.52, no. 4.53

and no. 4.54), the peak frequency is almost the same. This frequency for F ∗, ∆L∗ and

P ∗ is c.a. kr = 0.06. The heave RAO peak frequency is slightly less. i.e. kr ' 0.058.
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Concerning amplitudes, a little reduction can be noted for what concern heave, mooring

load and power by varying from Imm. depth 1 to Imm. depth 3. This is due to the

fact that at lower depth less wave energy is available. All other quantities are almost

unvaried. In fact, the amplitude of quantities at peak frequency did not change between

Immersion depths 1 and 2.
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Figure 4.52: Experiments results related to the Damping n.3 at Depth n.1 of submerged
spherical PA in regular waves of amplitude a=0.03 m.
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Figure 4.53: Experiments results related to the Damping n.3 at Depth n.2 of submerged
spherical PA in regular waves of amplitude a=0.03 m.
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Figure 4.54: Experiments results related to the Damping n.3 at Depth n.3 of submerged
spherical PA in regular waves of amplitude a=0.03 m.

At Immersion depth 2 the effect of damping is investigated. In Figures 4.55, no. 4.56 and
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no. 4.57, respectively results for Damping 1, Damping 4 (Model 3b) and no servomotor

(Model 3c) configurations are shown. In the first figure, it can be noticed that the heave

RAO and ∆L∗ peak frequencies are less than for configuration relative to Figure 4.53,

where higher damping was simulated.

In Figure 4.55 the amplitude of F ∗ is higher compared with results relative to Fig-

ures 4.53 and Figure 4.56. This finding is due to the way the mooring load is recorded

at the laboratory. In fact, as the load is measured after the effect of the PTO damp-

ing mechanism, the more damping is simulated, the less mooring load is measured at

the load cell point. Despite this, for real devices, the mooring load amplitude should

decrease when damping reduced as compliance would be increased.

As can be seen in Figure 4.56, when Damping 4 was implemented, compared to the

other configurations, the heave RAO and efficiency factor are sensibly reduced.
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Figure 4.55: Experiments results related to the Damping n.1 at Depth n.2 of submerged
spherical PA in regular waves of amplitude a=0.03 m.
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Figure 4.56: Experiments results related to the Damping n.4 at Depth n.2 of submerged
spherical PA in regular waves of amplitude a=0.03 m.

Results of tests concerning the configuration without the servomotor (Model 3c) at
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Immersion depth 2 are shown in Figure 4.57. Because the floater’s motion was un-

damped, the heave amplitude for waves of a = 0.03 m resulted too large, causing the

floater to go out of the water. Thus, for this model the wave amplitude a was reduced

to a = 0.015m. For this configuration the peak frequency for all quantities is c.a.

kr = 0.055, similar as for Damping 1 configuration (Figure 4.55). Despite this, the

heave RAO and ∆L∗ amplitudes at peak frequency are two times more for Model 3c

(Figure 4.57), with respect to Damping 1 configuration of Model 3b. Considering that

for tests relative to Figure 4.57 the wave amplitude was reduced by half, i.e. a = 0.015

m instead of a = 0.03 m, the F ∗ in the case of a = 0.03 m would had been almost

doubled. This is supported by findings discussed when tests concerning Model 3a,

represented in Figures 4.49 and 4.50, were compared.

To note that results relative to Figure 4.57 were obtained by using the configuration

referred as Model 3c which to a certain extent was different than the configuration used

for getting all other results reported in this section obtained with Model 3b.
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Figure 4.57: Experiments results related to submerged spherical PA in regular waves
of amplitude a=0.015 m when the servomotor was removed (Model).

For the objectives of the experimental work, there was no need to report and discuss
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further results concerning free oscillations and irregular sea tests for Session 3 in this

section. These were illustrated already in Session 1 for Model 1. These results showed

to be similar as for Session 1. However, some of the results concerning irregular sea and

free oscillations of Session 3 are used for validation of the numerical code in Chapter 5.

Thus further results of this session are presented in the mentioned chapter. Overall

for this session of tests, the above-reported results showed to be qualitatively valid. In

fact, all values correctly and sensibly varied when the wave amplitude, damping, or the

Immersion depth were varied.

4.9 Limitations of experiments and general discussion

The most accurate experimental data was acquired during Session 3, where issues of

Sessions 1 and 2 were resolved. In general, only a few tests run at 1:86 model-scale

were accurate enough to be used for the validation of the numerical code. At 1:86 scale,

due to an unexpected imperfection of the floater, and to the considerable damping

uncertainty, various data of tests from Session 1 were uncertain. In particular, due to

the small dimensions of the buoy, the extra mass added internally was not correctly

aligned with the vertical direction, and not precisely located at the correct place. This

issue determined that the floating sphere was slightly inclined, causing that, when the

buoy was yawing, the sway offset reading was increasing towards either negatives or

positives values. To overcome this drawback, only tests where little yaw and sway

occurred were kept and used for validating the numerical code. Diversely, results of

tests run at 1:33 scale during Sessions 2 and 3, given the dimensions of the models,

were much more accurate.

There are a series of extra factors which were not entirely investigated. Reasons for

this concern: avoiding over complications; impossibility of examining particular as-

pects; time limitations; effort to not affect experiments results with other sources of

uncertainties.
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The first main limitation concerns how to practically assemble the experiment set-ups

and build the resulting manufactured model. For example, floaters’ mass distribution

was not exactly symmetrical, and the centre of mass was not exactly coinciding with

the centre of the floater. As a consequence, models tested in labs were not only heaving

and surging. A small motion was always occurring in also other four degrees of freedom,

namely: sway, roll, pitch and yaw. This issue was a source of uncertainty. This limi-

tation was due to the imperfection of the floater’s mass distribution and because the

mooring line was not attached at the centre of the buoy, as for theoretical PA device.

Despite this, the uncertainty due to this issue was quantified, this was intrinsically in-

cluded in the values of surge and heave motions’ uncertainties reported in uncertainties

tables of Section 4.7.

Due to manufacturing factors target models parameters were always not matching to

the desired values. Despite this, thanks to measures after model fabrication, calibration

procedures and uncertainty analysis, an understanding of these differences was to a

certain extent acquired. Thus, the actual model measured parameters were then used

for validation purposes. Meaning that numerical calculations were run by eventually

correcting nominal system values by taking into account this apparent differences.

Other limiting factors concerned the viscous damping on the floater and viscous damp-

ing on the pulley. In fact, drag forces due to viscosity were neglected, the exact effect on

these was not entirely assessed. Despite this, the following remarks need to be pointed

out:

• The module of viscous forces acting on mooring line was roughly assessed (Sec-

tion 4.5.3). As was found that from only surge motion no sensible power can

be extracted from the device, it can be sustained that also no particular losses

are induced by horizontal drag forces acting on the mooring line. No evidence

was found that these type of forces acting on the mooring line would affect heave

motion.

• For what concerns drag forces on the floater, these were roughly quantified in
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Section 4.4 (Table 4.4). These forces are low, but in the case of experimental

models, these may be significant. In fact, these were estimated to be about

c.a. 1/5 of the mooring load for what concerns the undamped case (Cpto =

0). Despite this the estimation was made by using the highest possible relative

velocity between an assumed stationary fluid and the oscillating body, in reality,

this is not the case. Depending if the body is oscillating in phase with the fluid

or out of phase, different results might occur.

Besides there are other limitations that have to be mentioned, during the study no

particular attention was made for deeply investigate these: rigidity of mounting frames;

rigidity of floater; effects of waves reflections on tanks walls and blockage effects.
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Verification and validation of the

numerical code

The final aim of this chapter is to provide evidence to prove the validity of the numerical

code introduced in Chapter 3. The overall validation process is a crucial fundamental

step in the generic methodology proposed in the introduction of this thesis. For the

specific device studied in previous chapters, the validation step is discussed here. In

this validation process, it is also included a verification section as this share the same

objective as the validation task itself.

This chapter is structured into two main sections. The first concerns the verification of

the code without using empirical data. The second part regards the validation of the

numerical results with the most reliable empirical obtained data.

5.1 Verification

The code is firstly verified by checking the hydrodynamic coefficients obtained with

Nemoh and by comparing different options by which wave forces are calculated.
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5.1.1 Calculation of hydrodynamic coefficents

As previously introduced in Chapter 3, with the aid of the Nemoh code, hydrodynamic

coefficients are calculated. To check if these coefficients are correct, in this section

results for both the hemisphere and the fully submerged sphere are compared with

results obtained analytically by others.

Added mass and radiation damping coefficients of the hemisphere represented in Fig-

ure 3.3 of Section 3.3, were compared to analytical results reported by Hulme (1982)

in Figures 5.1 and 5.2. Generally, except at particular irregular frequencies, the coeffi-

cients calculated with Nemoh are in good agreement with coefficients given by Hulme

(1982). Hulme (1982) provides these coefficients for free-floating hemispheres oscillating

in waves by performing an analytical study.

Figure 5.1: Added mass coefficients for the half immersed spherical (half-immersed)
floater.
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Figure 5.2: Radiation damping coefficients for half immersed spherical floater.

For the case of the fully submerged sphere, the results obtained with Nemoh were

compared with values given by Wang (1986). For finding dimensionless values, corre-

sponding to the case (immersion depth) / (sphere radius) =1.5 as results presented by

Wang (1986), a nominal immersion depth of 11.25 m was set, and the radius was set

to be 7.5 m. Added mass coefficients, estimated with Nemoh, are just slightly larger

than those obtained by Wang (1986) (as showed in Figure 5.3). Furthermore, radiation

damping coefficients obtained with both the Nemoh code and with analytical methods,

as shown in Figure 5.4, these are almost coinciding. Only the added mass coefficients

computed by Nemoh are slightly larger. However, the maximum difference observed is

c.a. 9%. Overall good matching is obtained.

Further results for another geometry are reported in Appendix A.2. This geometry

concerns a caisson, results obtained with Nemoh are compared with results found in

the literature. In this case, also wave forces and RAOs are compared. Even for this

different geometry good agreements were observed, indicating that the Nemoh code is
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robust. As a plus, it is showed that the way the Nemoh code was embedded in the

Earth-reacting numerical tool is valid.

Figure 5.3: Added mass coefficients for sphere, submerged at depth/radius=1.5.

209



Chapter 5. Verification and validation of the numerical code

Figure 5.4: Radiation damping coefficients for sphere, submerged at depth/radius=1.5.

5.1.2 Verification of wave loading options

In Chapter 3 Section 3.6.1 it was explained how first order wave loads are modelled.

For including these loads, two different options were established. The first was referred

as direct wave loading option and the second as impulse-response wave loading option.

To verify the second option, results of this option are compared with results given by

the first option.

When convolution integrals are used (impulse-response wave loading option is on) in

irregular sea numerical runs, the results of motion response are almost coinciding with

results obtained with the direct wave loading option. Precisely, for the same free sur-

face elevation signal η(t), in Figure 5.5 is shown a direct comparison of two time series

obtained with the two different mentioned options. For both, surge and heave dis-

placements results obtained with the two options match. Thus, the validity of the

impulse-response wave loading option was proved. To note that for this verification

task, the wave drift forces are not included. To not include these it was necessary, as
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for the direct wave loading option it is not possible to include wave drift forces. Thus

also the numerical simulation run with the impulse-response wave loading option had

to be set with no wave drift forces.

Figure 5.5: Comparison of prediction of system response in irregular sea with the two
option for estimating time dependent wave loads.

5.2 Validation

The only verification step described in the previous section does not prove alone the

validity of the numerical code developed. In fact, extended verification is not always

possible. On the one hand, only few published results exist for the type of devices

studied, on the side, not always there is a method to verify the code by its results, as
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for the case of the wave loading options. A further step is required, this concerns the

validation of numerical results with experimentally obtained measurements.

Through the comparison of numerical results with experimental measurements, the

numerical tool proposed was validated. This was done in both, qualitative and quan-

titative ways. All numerical calculations used for validation were performed by setting

real scaled laboratory models parameters as input in the code. Details of all models

can be found in Chapter 4. For what concern regular waves tests, results are compared

by plotting these against along frequency. Besides, these are converted into standard

dimensionless form. In contrast, all other results concerning time series used for val-

idation, for simplicity, are left with dimensions. The reason for this is that to make

time series results dimensionless is a more complicated task. This task is less common;

thus it was ignored. Real scale values are used when validating floater trajectories (one

regular wave test), free decaying and irregular sea tests.

5.3 Regular waves tests

At first, the floater’s trajectories and mooring load plotted against the surge position

are compared. This comparison is shown in Figure 5.6. This figure gives an overview

on how in general the heave, surge and mooring load is estimated by numerical cal-

culations and by experiments. Plots of Figure 5.6 represent a real scaled regular sea

test. Results reported are of numerical simulation and laboratory tests, these are rep-

resentative of regular waves defined by 10 s period and 1 m amplitude (real scaled

values). Obviously, in laboratories small waves were simulated, successively, through

Froude scaling laws, results were scaled. Experimental results are relative, for Session

1, (1:86 scale experiments) of Test no.63 and for Session 3 (1:33 scale experiments),

of Test no.49. The nominal system parameters were those reported in Table 3.1 on

Chapter 3. Details of experimental models, instead, are reported in Chapter 4. In this

figure in the first column are shown the floater’s trajectories. While the vertical axis

represents heave displacement, the horizontal axis represents the surge displacement.
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It can be observed that the time domain (TD) calculations qualitatively correctly pre-

dict the drift towards the positive X-axis. This remark is justified as the drift is also

observed in both experiments results. This drift is due to wave drift forces. To justify

this finding a similar figure, where drift forces are not included in the TD calculations,

is reported in Appendix A.2. In fact, for the latter figure in TD calculations drift is not

observed. In the second column are shown the patterns of the mooring load plotted

against the surge displacements. It is observed that for the TD calculations (first row)

and 1:33 experiments (third row) the mooring load trajectories are more stable with

respect to 1:86 test results. Overall it is further observed that the range of numerical

predictions of both, floater trajectories and mooring load with respect to surge, in all

cases cover the experimental results. This observation, at least, is valid for the regular

waves considered. As a consequence for this case, the code appears to be valid, and

this showed to not underestimating the quantities assessed.
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Figure 5.6: Comparison of time-domain calculations with experimental results at 1:33
and 1:86 model-scales. On left-hand side, the floater trajectories are shown. On right-
hand side figures, the mooring loads (at load cell point) according to the surge position
are shown. The above concerns . For obtaining the TD results a ramping period of 20
s was set.

Results of each regular wave test were then compared to simulation results.

To summarise the validation of the regular sea tests graphically, each test result is

represented by a point. All results, in this case, are presented in the dimensionless form

and plotted against the dimensionless wave number kr defined by the wave number k

and the floater radius r. The main reason for this is that results in this form may be

quickly taken for comparison by others whom for example perform experiments with a

spherical floater of different radius and use a different model scale.
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For what concern the half-immersed floater models, a comparison of RAOs between

those obtained by numerical calculations and those related to empirical tests is reported

in Figure 5.7. In this figure as for Figure 5.8 four entities are compared. These are TD,

frequency-domain (FD) numerical results and empirical results obtained by the three

sessions of experiments, i.e. one session with 1:86 model-scale and two more sessions

with 1:33 model-scale.

In general, time-domain and frequency-domain calculations predict well the 1:33 model-

scale experimental measurements.

Due to higher uncertainties (details reported in Chapter 4) for what concern mooring

displacements results of Session 1 are not compared. Besides, when comparing the

mooring load and the power, only results of Session 3 are kept. These comparisons are

shown in Figures 5.8 and 5.9.

Together with RAOs curves, the mooring line displacement, the mooring load, and the

power factor are predicted with reasonable accuracy by the numerical code.

From Figure 5.7 to A.12 the experimental derived values are compared to the numerical

predictions.

The numerical code resulted in being valid also for what concerns the submerged case

studied. In fact, numerical results even in these case are relatively close to empirically

estimated quantities.

In almost all cases offsets between empirical and numerical results are contained be-

tween ranges defined by experiments uncertainties in the form of percentage errors, this

lasts reported in Chapter 4 Section 4.7.1. This observation means that, by taking into

account experiments uncertainties, the numerical predictions are within empirically

justified valid ranges.
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Figure 5.7: RAOs obtained with different methods: TD and FD calculations; experi-
mental results. System parameters are always same as specified in Table 3.1.
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Figure 5.8: Comparison of mooring displacement and mooring force (at load cell),
between numerical code and experiments.
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Figure 5.9: Estimated power factor from experimental data and from the numerical
code.

218



Chapter 5. Verification and validation of the numerical code

Figure 5.10: Comparison between RAOs obtained with TD and FD calculations with
experimental derived quantities for the submerged model tests. The depth for these
tests was set to f/r=1.5 (Depth n.1) and the damping value corresponded to the value
referred as Damping n.4 (refer to Section 4.8.3).
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Figure 5.11: Comparison of mooring displacement and mooring force (at load cell).
The depth for this set of tests was set to f/r=1.5 (Depth n.1) and the damping value
corresponded to the value referred as Damping n.4 (refer to Section 4.8.3).

220



Chapter 5. Verification and validation of the numerical code

Figure 5.12: Estimated power factor values derived from experimental data and the one
obtained by the numerical code. The depth for these tests was set to f/r=1.5 (Depth
n.1) and the damping value corresponded to the value referred as Damping n.4 (refer
to Section 4.8.3).
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5.4 Free decaying tests

Free decaying oscillations tests run at both scales are compared with time-domain

results. For this reason, all experimental readings are scaled to real-scale quantities.

Froude scaling laws introduced in Chapter 2 (Subsec. 2.3.5) were implemented.

In Figures 5.13 and 5.14 are shown respectively surge and heave free decaying tests.

For making this figures horizontal and vertical offsets were corrected.

The time series relative to both tests obtained during experiments do not differ much

with the predicted surge response. To note that the 1:86 free decaying test result is

more precise than the 1:33 test. This finding is due to practical reasons. While at the

larger tank (Kelvin Hydrodynamic Laboratory) the floater was manually released, in

the small tank (Henry Dyer facility) free oscillation tests were performed by cutting a

rope which held the floater at the initial offset. Therefore for the 1:33 scale test the

surge motion is a little more irregular, and for a small interval the motion was lost

from the capturing system (as indicated by the horizontal segment at about t=170 s).

Overall for the first three oscillations the numerical and 1:86 test amplitudes are almost

matching. The frequency of oscillations is nearly the same for all the three entities.

In Figure 5.14 the predicted heave motion during free decay is compared to only the

experimental data of Session 3. This fact was due that in Session 3 uncertainties

concerning the implemented damping, in general, were the lowest. Free decay tests

during Sessions 1 and 2 showed to be shorter than what had to be, thus are not reported

here. The floater motion was more dampened for obvious reasons. Uncertainties related

to system damping are discussed in Section 4.7. For the comparison with results of 1:33

scale reported in the mentioned figure, it is observed good matching between numerical

and experimental time series. The free decay test illustrated here was run with a

damping coefficient estimated to be Cpto equal to the half of the nominal damping

value. In real scale Cpto was equal to 1.25 · 105 Ns/m. This value for Cpto was also

applied in numerical calculations.
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Both, numerical and experimental (concerning Models no.1, no.2 and no.3a) obtained

natural frequencies, converted to real-scale quantities, are almost the same. Besides,

these match well the values provided numerically by Vicente, Falcão, and Justino

(2013), i.e. ca. 0.02 Hz for surge and c.a. 0.28 Hz for heave.

Figure 5.13: Comparison of surge free oscillations (real scaled values) from X(0) = 1
m.
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Figure 5.14: Comparison between numerical prediction and experimental measurement
of heave motion during free oscillations (real scaled values) from Z(0) = -1 m.
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5.5 Irregular sea

Successively, the numerical code was benchmarked by comparing its predictions to the

experimentally derived quantities obtained during the irregular sea states laboratory

tests of only Session 3. For this reason, specific free surface signals, extracted from

experimental tests were used for running time-domain simulations. For this purpose,

the impulse-response wave loading option was used. As for the case of free decaying

tests, empirical measurements were scaled to real-scale quantities. Froude scaling laws

were also used in this case.

For illustration results of Test n.109 are compared with numerical results. Initially

wave drift forces in the numerical simulation were set to nil, from Figures 5.15 to 5.17

the time series of surge, heave, and mooring loads are compared to quantities obtained

empirically.

When drift forces are set to nil (Figures 5.15 to 5.17), for what concerns the surge

motion in irregular sea, it is observed that the predicted surge (TD) does not match

well the actual measured motion. However, the predicted surge follows a similar pattern

and match the same phase of the high frequency of oscillation. Differently, the heave

motion is well predicted by the numerical tool also when the drift forces are not included.

Good agreement between numerical prediction and experimental values, even for what

concerns the mooring load occurred. For this latter quantity, the patterns match well.

The model slightly underestimates only the oscillation amplitude at specific peaks.
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Figure 5.15: Comparison between time-domain predicted surge motion and measured
surge motion in irregular sea. The same free surface elevation signal η(t) was used in
the time-domain simulation.
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Figure 5.16: Comparison between time-domain predicted heave motion and measured
heave motion in irregular sea. The same free surface elevation signal η(t) was used in
the time-domain simulation.
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Figure 5.17: Comparison between time-domain predicted mooring load and the mea-
sured one of irregular sea. The same free surface elevation signal η(t) was used in the
time-domain simulation.

In Figures 5.18 and 5.19 are compared empirical values with numerical results obtained

by including wave drift forces. These are the surge and the mooring load time series.

The figure for heave is not reported as this is identical to Figure 5.16. The reason

of this is that the heave phase result, obtained by the numerical code when wave

drift forces are or are not included, is always the same. Due to the solving approach

implemented described in Chapter 3, only surge phase results are varying. A part of

this, the comparison of experimental values with time-domain results, when drift load

is included, revealed that the numerical code well predicts both the surge motion and

mooring load.
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Figure 5.18: Comparison between time-domain predicted surge motion and measured
surge motion in irregular sea. The same free surface elevation signal η(t) was used in
the time-domain simulation. The time-domain results showed here were obtained by
including the estimated drift force.
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Figure 5.19: Comparison between time-domain predicted mooring load and the mea-
sured one. The same free surface elevation signal η(t) was used in the time-domain
simulation. For this illustration the drift load was included in the simulation.

In Figure 5.20 are shown results of the spectral analysis of the numerical and exper-

imental surge displacements time series of irregular sea tests previously commented.

For obtaining these results, the Fast Fourier Transform (FFT) algorithm was applied.

A time interval corresponding to 900 real-scale seconds was in all cases extracted for

the analysis. It is observed that two frequency peaks are evident for what concern

the FFT numerical results obtained by including the drift forces. While the first peak

corresponds to the surge natural frequency of the device (c.a.0.02 Hz), the second peak

corresponds with the peak frequency of the free surface elevation, which for irregular sea

test taken into account is 1.33 Hz. The mentioned numerical FFT matches well both,
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frequencies and amplitudes relative to the FFT obtained from the signal corresponding

to empirically measured surge time series. In contrast, the FFT of the numerical surge

displacements, relative to the case when no drift forces are included, presents only a

small peak at the surge natural frequency. This finding indicates that surge oscillations

at the surge natural frequency are primarily due to the presence of drift forces.

Figure 5.20: Fast Furier Transform results for the surge displacement obtained from
numerical and experimental data.

The accuracy of the numerical predictions for irregular sea tests was quantified. A

set of numerical simulations, run with free surface signals concerning data acquired

during irregular sea tests at 1:33 scale (Session 3), were used. The root-mean-square

(RMS) was calculated for each quantity of interest and both, numerical and experi-

mental values. The RMS corresponding to a numerical quantity was subtracted to the

corresponding empirical quantity (RMS difference). An indicative error value was then

defined by taking into consideration the RMS value relative to the experimental time

series.
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Results of this analysis are reported in Table 5.21. In the last column, the indicative

error in predicting quantities is reported. While when this error value is negative, it

means the quantity is overestimated, when this is positive the quantity is underesti-

mated. The following remarks can be observed:

- The surge motion is predicted with an indicative error less than ±14% for tests of

the half-immersed device and less than ±21% for two tests of immersed devices.

- For all tests analysed, the indicative errors in the prediction of the heave motion,

of the mooring displacement are respectively less than ±11% and ±14%.

- For all tests, the indicative error in the prediction of the mooring load is less than

±5%.

- The indicative error in predicting power for the test of the floater immersed at

depth 3 is the highest, and this amounts to c.a. ±13 %. For the other tests, the

error is less than ±7%.

-
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Figure 5.21: Results of the quantitative analysis concerning the numerical code accu-
racy when irregular sea is simulated. All quantities are converted in real-scale values.
RMS values are calculated with all samples for the entire length of time series. The
negative values indicate that the numerical code is overestimating empirically measured
quantities. Inversely, the positive values imply that the code underestimates related
empirical measurements.
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Case studies

To show possible applications of the numerical tool developed, in this chapter two case

studies are presented. The first case study concern an investigation of various system

configurations obtained by varying damping coefficient and immersion depth. In this

case, the theoretical spherical point absorber (PA) WEC previously introduced is again

considered. Diversely, in case Study 2, a new PA WEC similar to the spherical model

WEC is assessed. The new device is of a realistic design. System performances for

optimal damping coefficients configurations and a realistic installation are estimated.

While the objective of Case Study 1 is to investigate the effect of varying Cpto damp-

ing coefficient and floater immersion depth over the system performances, the aim of

Case Study 2 is to optimise Cpto damping coefficients and to estimate annual energy

extraction by the optimised realistic WEC defined.

Both these case studies are an example of applications of the generic methodology

proposed in the introduction of this thesis. With this methodology, the entire WEC

and its mooring component are analysed and optimised. In both case studies the, main

steps of the method are put into practice. These concerned, defining some inputs,

solving the equation of motion by taking into account the entire system dynamics

and obtaining results for different system parameters. In both cases, best design was
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investigated. While Case Study 1 mainly is limited to explore possible solutions, Case

Study 2 focuses on optimal PTO damping for a realistic device.

6.1 Case Study 1

Following the validation of the numerical code, a first case study was developed. The

aim of Case Study 1 is to show how the code proposed may be used to investigate the

best system design parameters, analyse the mooring load and at the same time to the

estimate the system efficiency over a year of operation. For this purpose, time-domain

irregular sea states simulations were run for multiple system configurations. The influ-

ence of the mooring length (=depth minus the floater’s immersion), and of the PTO

damping, over the annual energy total production and mooring load cycles, was eval-

uated. Precisely, a simplified sea model of 21 sea states was created. Afterwards, by

predicting the efficiency and simplified mooring load statistics, some system configura-

tions determined by six different values of the mooring line lengths and five values of

PTO damping were analysed. The same combinations of damping values and mooring

lengths were also assessed for when a latching mechanism was included. In Table 6.1

gives an overview on the combinations assessed. These configurations were obtained

by keeping the mooring pretension Fp constant. For achieving this, the mass also had

to be varied depending on the floater’s immersed volume.

24 sea states
X

6 immersion depths
X

5 Cpto coefficients
X

2 types of PTO (latching and no latching used)
=

1440 configurations

Table 6.1: Overview of configurations tested in Case Study 1.
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6.1.1 Simplified sea model

To estimate system performances over a period of a year a simplified sea model was

defined. This task concerned the creation of multiple sea states defined by an empirical

sea spectrum formula. Each sea state created was simulated for a time series of length

equal to 30 minutes. After obtaining the information on the performance of the device in

each particular sea state, with a sea state occurrence probability table, annual statistics

were calculated.

The Torsethaugen sea spectrum formula was used for defining a simplified sea model.

Torsethaugen (2004) defined this particular sea spectrum, he analysed empirical data

from the North Sea and considered both, swell a new wind-sea seas statistics. The

spectrum is a two-peaked one and its implementation requires only the significant

wave height Hs and the spectral peak period Tp. While the peak at lower frequencies

represents the swell sea, the second peak represents wind-sea waves at higher frequencies

(Fossen, 2011). When Tp > 6.6Hs the higher peak is the one representing swell, and

in the case of Tp < 6.6Hs the higher peak represents the wind generated sea. In

Case Study 1 and for Case Study 2 the Torsethaugen’s spectrum was chosen, as this

spectrum was simpler to be implemented. This spectrum was standardised under the

Norsok Standard (1999). Using other spectra such as the JONSWAP spectrum would

still permit of defining a sea model, but it was found more straightforward to implement

the Torsethaugen spectrum as this last did not require particular parameters such as the

γ parameter which is needed to define the JONSWAP spectrum. Another reason why

the Torsethaugen spectrum was chosen instead of other conventional spectra such as

the JONSWAP, the Pierson-Moskowitz or the ITTC ones, is that with this spectrum

more various sea states are defined. In contrast, the other mentioned spectra are

typically used for representing extreme sea states and are generally the particularly

representative of wind-generated developing waves (excluding swell).

The probability of sea states occurrence table reported in Figure 6.1, was used for

calculating the wave energy available at a specific site. The total annual energy available
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at sea was estimated by assuming that the average power available during each sea state

was equal to P = 1
64πρg

2H2
m0Te (W/m) (Herbich, 2000). The annual energy available

for each sea state was multiplied by the corresponding probability value. Then, the

available energy quantities from all sea states were added together to obtain the total

annual energy available at the site.

Figure 6.1: Occurrence of sea states in form of probability values. These, relate to the
Portuguese site of the mouth of Douro river, published by Henriques et al. (2013). Here
the probability values are independent of incoming waves direction.

For saving computational time and memory in Case Study 1 only sea states which had

probability values more than 0.5 were evaluated. These were 24 and are reported in

Figure 6.2. The sum of the occurrence probabilities related to these is 95.43. Despite

this, it has to be noted that in general the simulation of a 30 minutes long sea state

is run in about just a few minutes, but given the number of configurations assessed

(5x5) and the number of sea states, all computational time was c.a. 30 hours. In the

case that all sea states were included the total computational time was estimated to be

50 hours (25 configurations). Besides, the number of sea states considered in this case

study was limited to 24, so that in this way the size of data stored was also considerably

less and thus data could have been easily handled on the standard machine.
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Figure 6.2: Index numbers of the sea states used. These were all those with a occurrence
probability more than 0.5.

6.1.2 Earth-reacting WEC configurations

The PA with the spherical floater was simulated at the following six immersion values.

Which are the distance from the free surface at calm condition to the centre of the

spherical floater.

• Immersion value n.0 = 0 m (half-immersed floater case)

• Immersion value n.1 = -3.25 m (= −r/2)

• Immersion value n.2 = -7.5 m (= −r)

• Immersion value n.3 = -11.25 m

• Immersion value n.4 = -15 m (= −2r)

• Immersion value n.5 = -18.25 m

The mass was defined similarly as in previous chapters (Chapter 3), this for all immer-

sion depths can be defined with Equation 6.1.

Vw · ρ− Fp/g (6.1)

In the above equation Vw is the volume displaced by the floater at the equilibrium

condition. This last is equal to the half of the floater’s volume for the case of Immersion

n.0 and equal to the whole floater’s volume for immersion depth values n.2 to n.5. In
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contrast, for the case of Immersion n.1 this volume was defined with the following

formula.

Vw = Vf − π/3(r + immersion)2 · (3 · r − (r + immersion)) (6.2)

Where the last term is the volume of the spherical cap outside the water. Equation 6.2

was also implemented in the numerical code for calculating the instantaneous hydro-

static restoring force. In particular, this equation, when only part of the floater was

over the mean free surface, was evaluated within an if statement.

As introduced, together with the immersion value, also the PTO damping (Cpto) was

varied. Five values, listed here below, were used. This except the third which is the

original value Cpto are adjusted values.

• Cpto = 0.5 · Cpto(0)(kg/s)

• Cpto = 0.75 · Cpto(0) (kg/s)

• Original value: Cpto(0) = 2.5 · 105 (kg/s)

• Cpto = 1.25 · Cpto(0) (kg/s)

• Cpto = 1.5 · Cpto(0) (kg/s)

All other system parameters except the mooring length, mass and Cpto were left con-

stant (same as in Table 3.1. Chapter 3). The mooring length was varied so to obtain

the different immersion values previously mentioned.

To keep the pretension Fp constant, the mass was indirectly varied by applying Equa-

tion 6.1. This detail has to be kept in mind when results of results of different immersion

depths have to be compared between each other, as the masses of floaters are consis-

tently different. Due to different mass value also the natural frequency of the various

configurations varied.
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Same damping and floater’s immersions values were also utilised for investigating the

effect of the latching mechanism.

The simple latching method initially implemented in regular waves was modified and

used in irregular sea simulations. At first, it was found that when the method was

directly used in irregular sea simulations, this often showed not to be beneficial. Pre-

cisely, it was found that the simple latching mechanism, when used in irregular sea

simulations, caused power performance improvements only to occur for sea states when

Ts > 10 sec and the Hm0 > 1.25 m were set. Thus, the latching method, to be effective,

was further extended to irregular sea cases. A modification was made so to effectively

increase performances when the latching method is implemented at Immersion depth

n.0. This concerns by simply applying an if statement defining for which single waves

to perform the latching strategy. Only where the wave amplitude was more than 1

m, the buoy was latched. Illustration of the technique is shown in Figure 6.3. In this

figure can be seen that before and after single waves of amplitude over the reference

value, the floater is latched, meaning that for short periods of time its velocity rapidly

decreased to zero and its heave position was remaining almost constant.
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Figure 6.3: Illustration of results for irregular sea with latching control. Sea state no.
22 and configuration relative to Imm. n.0 and Cpto n.2 were used.
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6.1.3 Simulation results and discussion

In this section, results of the case study are discussed. At first, the efficiency for the

different configurations is reported. Afterwards, mooring load simplified statistics are

analysed.

Tables shown in Figure 6.4 are displaying the values of the efficiency factors for all

configurations of the two cases evaluated. The efficiency factors were found by dividing

the annual energy produced by the annual energy present in the sea Environment

(Figure 6.4). These indicate an estimation of the system performance depending on

specific configuration, which varied by immersion depths and Cpto damping values. In

this figure, it can be noted that at Immersion n.0, when the highest Cpto damping

value is used the system is more efficient, with respect to all the other configurations

assessed. At higher immersion depths, the efficiency decrease because less wave energy

is available. It is also noted that the efficiency increase for all immersion depths, when

the Cpto coefficient is increased. Due to this reason, it is expected that the optimal

Cpto values given the specific sea model implemented are major than the investigated

ones. The task of optimising these coefficients is performed in later Case Study 2. In

general, it can be further noted that below Immersion n.2 the efficiency of the device is

considerably less, i.e.< 50% compared to Imm. n.0. Differently than other immersion

depths, at Immersion n.1 is predicted that the device would convert more energy when

the lowest damping value investigated is chosen. To note that results presented in this

figures do not take into account the rated power limit and mechanical losses, which

for real device exist. These factors will then be taken into consideration during Case

Study 2 when is power absorption from a realistic device is estimated.
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Figure 6.4: Annual energy production and efficiency factors for the various configura-
tions investigated.

The modified latching method used showed to be effective only at Immersion depth

n.0 (as shown in Figure 6.4). Comparing to the standard cases, where there was no

latching, the efficiency at this immersion depth, for the five damping values, is between

41 to 57 % more.

For further comparing the various configurations analysed, regarding mooring load

cycles, some threshold values were defined. These lasts were reference values used for

defining five specific ranges. These ranges were then needed to analyse mooring load

statistics. The threshold values are defined as:

- Fm0 = mooring load mean value

- Frms = RMS of the mooring load

- Fm3 = mean of the 1/3 of the highest peaks of the mooring load in the irregular

sea simulation time record.

- Fm10 = mean of the 10% of the highest peaks of the mooring load in the irregular
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sea simulation time record.

where the mooring load Fm is intended to be the absolute value of the actual load at

the floater’s fairlead minus the mooring pretension Fp.

With the mentioned threshold values the following ranges where defined:

- Range A as Fm < Fm0

- Range B as Fm0 < Fm < Frms

- Range C as Frms < Fm < Fm3

- Range D as Fm3 < Fm < Fm10

- Range E as Fm > Fm10

For illustration, in Figure 6.5 are shown the numbers of cycles categorised by ranges, for

the configuration defined by Damping n.3 and Immersion n.0. For this configuration,

the magnitude of the mooring load was, for the most of the cycles, contained in the

range defined by the RMS and the mean of the third of the highest peaks of the mooring

load (Fm3), for all sea states. As expected, the most of the cycles occur during most

probable sea states. For all sea states, the number of cycles occurring in the first three

ranges is predicted to occur with similar proportions for each of these ranges. It can also

be noted, that higher numbers of cycles occur at higher load ranges, during moderate

sea states which are less probable.
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Figure 6.5: Annual mooring load number of cycles for Immersion depth n.1 and Cpto =
1/2 · Cpto. Here colors represent the sea states evaluated.

Figures 6.6 and 6.7 shows how the numbers of annual mooring load cycles occurring

within the five ranges, which are indicated by Type A to E and are defined by the

previously mentioned thresholds values. For analysing and comparing all configurations
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between each other, the threshold values relative to simulation results of sea state n.7

were used. These in particular concerned the configuration defined by setting the

floater at Immersion depth n.0, the damping to Cpto n.3 and with the latching method

implemented. The reason of this is that by choosing these threshold values it was

possible to compare the no latching method and with latching sets of configurations

between them. If threshold values relative to the set of configurations with no latching

method had been used, this comparison would not be possible, as those threshold values

were relatively higher. Thus, these lasts could not have be used for assessing the set of

configurations with the latching method, for which mooring load peaks are of higher

values.

In Figures 6.6 and 6.7 each set of five bars represents one of the configuration analysed.

While in the first figure are reported results relative to the set of configurations were no

latching method was implemented, the second figure reports results for the cases were

the latching method was used. Each coloured bar represents the number of mooring

load cycles within a particular range of mooring load. The various ranges previously

defined are indicated by a different colour. While, in purple are indicated mooring

load cycles in the lower range of magnitudes, with the yellow colour are indicated the

mooring load cycles in the highest mooring load magnitudes. The other colours indicate

the number of cycles in the other intermediate ranges.
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Figure 6.6: Annual number of cycles of the mooring load in 5 different ranges of mag-
nitude for all configurations investigated when no latching was implemented. Here,
colors indicate how many mooring load peaks are predicted within the different ranges
of magnitude defined.

Considering both, the first table in Figure 6.4 and Figure 6.6, it can be noted that

at Immersion depths n.3 to n.5 the system performance, in terms of efficiency, is to a

great extent reduced, in contrast, intense mooring load cycles (those in ranges D and
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E) are still relatively numerous. This observation may indicate that the only action of

decreasing the mooring length (increasing immersion) is not enough for reducing intense

mooring load cycles. In other words, the device is immersed below Immersion depth 2

would still experience a considerable number of mooring peak loads. For decreasing the

mooring peak loads, it is seen to be more effective to reduce the damping Cpto value

instead of increasing the immersion depth.

The device at Immersion n.1 set with Damping n.4 or n.5 has relatively good efficiency,

meanwhile, at the same time, the number of intense mooring load cycles are also re-

duced by about half. At Immersion n.2 when the highest level of damping was used a

good amount of energy may still be produced, but the device would experience intense

mooring load cycles similarly as for Immersion n.0 Damping n.3.

When the latching method is implemented, the numerical tool predicts efficiency at

Immersion n.0 is considerably more, and, at the same time, mooring loads are signif-

icantly higher. In fact, while for standard cases (no latching) is predicted that more

mooring load cycles would occur in the range defined by the range D rather than in

those occurring in the range E. For the latching cases more mooring load cycles would

happen in the range E instead of range D. This can be noted by considering both,

firsts plots of Figures 6.6 and 6.7. For most configurations when the latching method is

used, the mooring load cycles occur mostly in range A, i.e. the mooring load peaks are

minor than the RMS value. However, also the number of intense mooring load cycles

increases significantly, in particular for Immersion n.0.
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Figure 6.7: Annual number of cycles of the mooring load in 5 different ranges of mag-
nitude for all configurations concerning the latching method. Here colors indicate how
many mooring load peaks are predicted within the different ranges of magnitude de-
fined.

As expected, for the sea states considered, the highest mooring loads occur during sea

state n.41. For the normal cases highest peaks are approximately 9 · 105 N, meanwhile

for the cases of the latching method, the mooring load may reach values up to about
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2.7 · 106 N. For having an idea on the number of intense mooring load cycles during

this moderate sea state, a further mooring load cycles range was defined. The latter

(range F) is defined by the limits of (Fm10 +Fm10 ·0.5) and (Fm10 +Fm10 ·1.5). Mooring

load cycles having peaks in this range were in the order of 3 · 104 for normal cases, and

about 1.1 · 106 for the latching method cases (Immersion n.1 Damping n.3).

Even considering the limitations of the applied theory, the found figures can be seen as

a preliminary indicator of what would be the device’s performance and of the mooring

load cycles, which depends on the system configuration investigated. For example, in

this case study it was found that the latching option is to a certain extent disadvanta-

geous for what concerns high mooring load cycles. On the other hand, the efficiency,

when the latching strategy is used at Immersion n.0, would be much higher. Thus,

based on the figures found, a preliminary financial study, aiming at understanding the

most advantageous configuration, would then give a final answer.

6.2 Case Study 2

While Case Study 1 concerned the investigation of the effect of variation of mooring

length and damping on the performance of an ideal spherical PA device, Case Study

2 is about a study on a realistic device. Optimal PTO damping coefficients for the

defined realistic device to be deployed on specific water depth and are found. The

annual power generation of this device with a defined floater shape for a particular

installation location is estimated.

Overview of the analysis performed during Case Study 2, for finding best Cpto damping

configurations and estimate annual energy extracted, is reported in Figure 6.8. In this

Figure is summarised the method implemented, this concerned numerical simulations

and post-processing numerical calculations. During simulations, all data of interest,

such as instantaneous power absorbed and mooring load time series were stored. The

with a post-processing step of the stored data was analysed.
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Figure 6.8: Overview of analysis performed during Case Study 2.

6.2.1 Device geometry and parameters

The spherical floater considered in previous chapters and Case Study 1 it is impractical

to be built. Due to the spherical shape, the manufacturing process would be expensive

and complicated. Another geometry is proposed, this is more realistic. The new geom-

etry is shown in Figure 6.9, this has a segmented profile and is axisymmetric. A floater

of this new geometry would be simpler and cheaper to be manufactured compared to

the spherical floater previously considered. This new shape would also allow the buoy

to stand on the ground stably on its own, thus avoiding technical complications during

transport and temporary storage. In this way, project costs could be reduced.
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Figure 6.9: Mesh of floating component of the PA WEC analysed.

Dimensions of the new floater’s geometry along with overall dimensions of the realistic

device, analysed in this section, are reported in Figure 6.10. The diameter is kept the

same as the one of the spherical floater previously studied, i.e. 15 m. The floater’s

height was chosen so that the volume of the new floater also corresponded to the

one of the spherical floater; this is set to 12.812 m. The chamfers diagonal edges, as

illustrated in Figure 6.10, are designed by setting a chamfer length equal to half of the

floater radius, i.e. 3.75 m.
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Figure 6.10: Dimensions of analysed PA WEC.

As discussed in Case Study 1, the device is more efficient when the floater is not

immersed. Thus only this preferred option is considered in this case study. For a 72 m

water depth site, the realistic device is designed to be moored with a tether 53.59 m long.

A fixed power unit deployed on the seabed is designed to be 12 m height. Similarly, as

was intended for the theoretical PA of previous chapters, the power unit comprehend

the linear PTO (damper) and spring components. Overview of all parameters of the

proposed device is reported in Table 6.2.

253



Chapter 6. Case studies

Parameter Values

radius 7.50 m

chamfer length 3.75 m

height 12.812 m

fixed power unit height 12 m

mooring length 53.594 m

mass 8.0359E+05 kg

depth 72.0 m

stiffness 1.80E+05 N/m

pretension 1.00E+06 N

Table 6.2: System parameters of new PA device.

6.2.2 Device modelling

So to model the considered PA WEC realistically, in this case study, more factors have

been considered. These concern the inclusion of PTO end-stops and the rated power

limit. In addition, generator and viscous related losses and the tide range effect over

the power absorption performance are also taken into consideration.

In Figure 6.11 is reported the scheme of the power unit. Upper, lower end-stops and

a translator element are also included so to define a more realistic power unit. The

end-stops of 0.15 m height are modelled as large dampers. A damping value of 0.5 · 108

kg/s was attributed to both end-stops. Thus, the cable is allowed to displace along the

axial direction for the initial spring offset minus both end-stops height and minus the

stator height. The numerical tool was configured so that at those instants when the

translator reached the end-stops, no power was absorbed by the device.
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Figure 6.11: Illustrative scheme of the power unit.

So to take into account viscosity and generator related losses, a generic coefficient

Closses is used to estimate realistic instantaneous effective power absorbed by the device.

Having considered results provided by Babarit et al. (2011) for a bottom-referenced

heaving buoy; this coefficient is set equal to 0.5.

6.2.3 Analysis

As for Case Study 1, the sea states occurrence probabilities (Fig. 6.1 Sec. 6.1) for the

specific site of the mouth of Douro river is applied for defining a simplified annual sea

model (as for Case Study 1).

Figure 6.12: Annual energy available for each sea state at the site considered.

Thirty damping values for all sea states were simulated. A simulation period of 15

minutes, all times, was set. Results including instantaneous power, mooring load and
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displacements time series for each different PTO damping value configuration assessed

in each sea state were stored.

By applying different rated power values (RPV) results of the instantaneous power were

post-processed so to obtain the effective mean power absorbed by the device in each

simulation performed.

Post-processing calculations also included the optimisation operations.

Optimization

Initially, an optimal single CPTO damping value for all sea was identified (Step 0). The

next step concerned finding optimal CPTO damping values for each sea state (Step 1).

At last, in last step (Step 2) damping coefficients were optimised for those sea states

where the mooring load Fm presented peaks over two times the pretension value (2.00E6

N). Best damping coefficients were found so to obtain a compromise concerning the

reduction of intense peaks and, at the same time, maximising power absorption.

Treatment of the end-stops

So to model the end-stops, a methodology similar to the one used for implementing the

latching method introduced in Chapter 3 was adopted. The latching method consisted

of applying large damping during particular periods. Similarly, in this case, the mooring

line axial displacement was evaluated at each time step, and when the upper end-stop

was reached, a large damping value was simulated. At times that the upper end-stop

was reached higher peaks of the mooring load are expected due to the axial mooring

displacement that was constrained by the large damping. Diversely, for what concerns

the lower end-stop, when this is reached is expected that the mooring line got slack,

in this case, there is no need to impose a large damping numerically. In practice,

the damper element representing the lower end-stop is only needed for stopping the
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translator inertia. So to calculate the power generation realistically, for those instants

when the translator element reached one of the two end-stops, the instantaneous power

absorbed was set to nil.

Effect of tide

Besides, it was further investigated an extra important factor; this concerned the effect

of the tide over the mean absorbed power by the device.

For assessing the effect of the tide on the device operation, it was considered the

semidiurnal tidal range of 2.5 m, which is about the average semidiurnal tidal range

between spring and neap tides for the specific location considered (data for Porto, Tide-

forcast (2018)). Given this range, a mean high and low tide displacements of ±0.8 m

were assumed for evaluating the mean annual power absorbed by the device. In Figure

6.13 is shown one sinusoidal cycle for the semidiurnal tide in consideration and the

corresponding mean values adopted.

Figure 6.13: Tidal range and mean tide levels analysed.

The different mean free surface levels due to the tide variation were taken into con-

sideration by implementing a different mooring pretension. The ratio between spring

displacement and vertical displacement due to buoyancy is equal to 0.1. Thus for 0.8 m
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of mean free surface variation, the floater is the only c.a. 0.08 m submerged or risen. As

a consequence, the tide range is primary determining a change of the mooring tension

and not a sensible variation of the immersion of the floater. This last parameter for

simplicity is neglected. While for mean low tide a pretension value of Fp = 0.855 · 106

N was set (-0.8 m of tide variation), for mean high tide a value of Fp = 1.44 · 106 N was

implemented (+0.8 m of tide variation).

Offset [m] Average power [KW]
Mean low tide -0.8 13.8

Mean level 0.0 15.6
Mean high tide 0.8 13.6

Table 6.3: Average absorbed power of all sea states depending on different free surface
elevations investigated.

In Table 6.3 are reported results concerning the annual average absorbed power from

the device in all sea states. These figures are obtained having considered different free

surface elevations due to tide variations. When the translator reaches the end-stops no

power is produced. Depending if is low or high tide, respectively the lower or upper

end-stops are hit more times. As a consequence power is absorbed differently than for

the mean free surface level. In Table reftab:AnnualEnergyResultsCaseStudy2 results

of the average absorbed power for three free surface elevations scenarios investigated

are compared. The average absorbed power is calculated by considering all sea states

and their probabilities of occurrences. The average annual power for both, mean low

and mean high tide is about 12.2% lower than average annual power absorbed if the

device was always operating at the mean free surface level.

6.2.4 Results

To optimise the device in consideration 30 Cpto damping values were investigated, these

ranged from 2 ·105 to 6 ·106 Ns/m. Configurations characterised by each different value

were simulated in each of the 47 not nil sea states considered. In Figure 6.14 are shown

results for the annual energy produced by the device for all Cpto damping configurations
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analysed. The Y-axis represents the rated power value (RPV) also usually referred to

as the nominal power. As for about an RPV value of 4 · 105 W (400KW) a significant

amount of annual energy can be converted, this value was chosen to be the device’s

nominal power value. Higher RPV analysed would only permit extract only little more

energy.

Figure 6.14: .

Considering a 400 KW rated device, as is clearly shown in Figure 6.15, for 2 ·106 Ns/m

the most annual energy can be obtained. This appear to be also the optimal Cpto for

all others RPV values considered (Figure 6.14). For this device, having estimated the

effect of tide (12.2 % losses) and for only one optimal Cpto damping coefficient value is

used, the annual energy extracted is equal to 119.54 MWh/year.
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Figure 6.15: .

Two more steps were performed to optimise the device. The first, concerned to find

best Cpto damping coefficients for each of the sea states. The second step concerned

a further optimisation of Cpto coefficients for those sea states in which high mooring

loads occurred. Results are reported in Figure 6.16. In the first table of this figure are

reported the optimal coefficients for maximising annual energy extraction (Step 1). For

those sea states for which high mooring load occurred, these damping coefficients were

further optimised aiming at obtaining a good compromise between energy extraction

performance and the number of mooring load peaks (Step 2). In both tables of Fig-

ure 6.16 the blue colour indicates lower values of Cpto increasing up to orange values

which are the highest. During Step 2 only Cpto coefficients of Sea States from 30 to 47

were further optimised for reducing mooring load peaks. The device simulated in the

other sea states (1-29) did not present mooring loads peaks above the chosen threshold

value (2 · 106 N); thus Cpto coefficients obtained with the first optimisation step were

kept the same.
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Figure 6.16: Optimized Cpto coefficients.

Results of the optimization are reported in Table 6.4. By implementing the optimal Cpto

damping coefficients for each sea state, an increase of up to 2.23 MWh/year of absorbed

energy can be obtained (Step 1). The times of low mooring loads (Fm < 1.5E4N) for

the three optimal configurations considered are similar, these ranged between 1.24 · 105

to 1.66·105, for the sea states analysed. In contrast, the mooring load peaks (Fm > 2E6

N) are substantially reduced for what concern the optimal configuration obtained after

Step 2. For this last configuration a reduction of 1320 mooring load peaks with respect

to results concerning single damping configuration (Step 0) and 3950 mooring load

peaks less with respect of results after Step 1.

Annual energy Times low mooring load Mooring load peaks
[MWh/year] (Fm < 1.5E4N) (Fm > 2E6N)

Single Cpto (Step 0) 119.54 1.24E+05 2.04E+03
Multiple Cpto (Step 1) 121.77 1.66E+05 4.67E+03
Multiple Cpto (Step 2) 120.72 1.40E+05 7.20E+02

Table 6.4: Annual extracted energy, mooring load peaks and minimums for the optimal
configurations found.
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Summary and conclusions

At first in the introduction of this thesis, the primary motivations of this study were

discussed. These mainly concern the need of identifying main differences between

characteristics of traditional moored structures and moored WECs, to review literature,

to understand new requirements, and to search of new solutions.

In chapter 2, the problem of station keeping related to wave energy converters is in-

troduced. Major mooring system requirements, which also depend on the type of wave

energy converters (WEC) technology, are discussed. Distinctions with mooring require-

ments of conventional floating structures are identified and possible mooring solutions,

in general terms, are reviewed and discussed.

The revision on the existing literature on mooring system analysis techniques and

methodologies indicated that current works found are very variegated and design spe-

cific. Often, where the mooring component was considered into mathematical and

numerical models, the effects of this were included in conventional ways such as static,

quasi-static or frequency-domain types of methods. On the other hand, through the

most recent research, there is a trend about the use of more advanced and complex

methodologies, by which the mooring system design and the power-take-off mecha-

nism can be in some ways be included into a nonlinear time-domain formulation of

262



Chapter 7. Summary and conclusions

the problem. Most of techniques and methods were developed for conventional float-

ing structures, which have different mooring system requirements. These are complex

methods not suitable to be applied in the case of WECs. Besides, most of the times

published results obtained with the mentioned methods were often not validated with

experimental data.

Given these motivational aspects stated in the introduction and findings of the liter-

ature review a generic new methodology to be used for designing and analysing the

entire system of a WEC, including the mooring component as an integral part, was

proposed. To justify and put in practice such methodology a set of main project ob-

jectives were defined. These concerned: to review the literature; the development of a

numerical tool; to obtain empirical data for an Earth-reacting device; to validate the

numerical code developed; and to show possible applications of the numerical code and

the generic methodology, as for investigating best system design. Details concerning

defined objectives and where these are addressed are recapitulated in Section 7.0.5.

With the aim of including the mooring component in the analysis of the entire WEC-

mooring system, a simplified Earth-reacting WEC simulation method was defined. The

method was applied to generic point absorber (PA) single tethered devices, and a nu-

merical code was developed (Chapter 3). This method overcomes limitations of static,

quasi-static and frequency-domain only, mooring analysis approaches. The proposed

method consent to analyse the dynamics of the entire mooring system-WEC’s perfor-

mance so that the effects of power-take-off and the mooring line component are included

in the complete analysis. In this way, the whole structure response and its loads are

predicted more realistically. The defined numerical code is based on the frequency-

domain and on time-domain methods, where this last is formulated with the Cumin’s

equation. The equation of motion is solved for surge and heave. The time-domain

solution permits the inclusion into the analysis of transient hydrodynamic effects, thus

allowing overcoming limitations of the frequency-domain only approach. Furthermore,

the proposed method enables the option of implementing, into the model, a defined free

surface elevation signal as a wave loading input function. The latter is also needed for
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real-time applications, where the incoming wave can be measured at a certain distance

upwind. When designing the mooring system, these extra capabilities are advantages to

conventional methods where only resonance conditions can be predicted, and nonlinear

forces cannot be included.

Compared to commercially available codes, the proposed code is tailored to the specific

case of Earth-reacting WECs. The developed code is advantageous as this focuses on

the peculiar requirements of WECs mooring analysis and design. To the best Author’s

knowledge, no existing code which focuses on two-dimensional Earth-reacting WEC

exist. All available similar numerical tools concern the unidimensional case only or

are made for analysing slack mooring configurations. The proposed code is developed

by taking into account the main mooring analysis and design requirement for WECs,

which concern chasing the optimal system design for optimal power performance. This

advantage is a unique to existing commercial codes as these other codes do not consider

this significant aspect.

The numerical tool was firstly validated and then, through two case studies, was used

to investigate the influence of specific system parameters on the power performance

and mooring load statistics, so to identify the best design.

Experimental work on basic moored spherical PA physical models, for gathering reli-

able empirical data, was carried out. The empirical work is described in Chapter 4.

The primary objective of this was to gather valuable empirical data to be used for val-

idating the numerical code. Thus, three sessions of experiments, with three small-scale

WEC models, were conducted. Of these models, one was manufactured at 1:86 scale

and two more at 1:33 scale. The models in question represented point absorber (PA)

WECs devices which comprehended a spherical floater (half-immersed or wholly sub-

merged spheres), a damping mechanism and spring. The half-immersed and submerged

spherical PA WECs were tested in regular and irregular simulated seas. All details of

experiments including scaled models, the calibration process, methods and estimation

of uncertainties are described. For illustration the primary results are also reported in
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Chapter 4 and all other empirical relevant data only of the third session of experimental

tests is reported in tabular form in the Appendix A.1.3 (in the form of motion RAOs,

system loads, and other empirical measurements).

In Chapter 5 the numerical code developed was firstly verified and then validated with

the most reliable experimental data. For initially verify numerical results, at first

some results were compared with analytical results given by others. Besides, outputs

obtained by two calculation methods implemented for calculating the wave forces were

compared between them. Subsequently, numerical results obtained by the tool were

compared to experimental data. This step was done for free decay, regular and irregular

sea tests. In general, the numerical tool showed to predict within reasonable accuracy

the moored WEC’s performance and dynamic behaviour. For most cases, taking into

account experiments uncertainties, numerical predictions were of values falling on valid

ranges.

After having assessed the validity of numerical results, two case studies showing possi-

ble applications of the proposed generic methodology were developed. For practically

perform this task the numerical code developed was used. In Chapter 6, in Case Study

1, firstly a simplified method for assessing the device’s mooring loads and power perfor-

mance was defined and applied to the specific PA considered in this project. The system

was investigated in a parametric way. This task was possible by further extending the

code so that it became runnable within multiple loops. The mooring length, along with

the values of the dynamic mooring load, and the one of the power performance were

analysed systemically, and best configurations of the system were discussed. In gen-

eral, by increasing the immersion depth, intense cycles of mooring load are not much

reduced. A better configuration regarding a reduction of mooring load fatigue can be

found by decreasing the damping value. However, in most cases, this negatively affects

the device’s energy extraction performance. In Case Study 2 a realistic device was

defined. By looking at both, obtaining optimal power absorption and mitigating moor-

ing load peaks, PTO damping coefficients were optimized for obtaining best system

performance. For the optimised device annual energy extraction was also estimated.
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Given the project motivations and objectives, a general methodology was defined and

proved, and this is at the base of the entire PhD project. To justify the application of

the proposed general methodology at first the numerical tool was developed. This tool

was needed for solving the entire system dynamics of a moored WEC. By using the

tool is possible to obtain predictions of motion and loads of the system under study.

The numerical tool had to be validated, so extensive empirical data was acquired. The

most feasible data was then used to validate the tool. Once the validity of the tool was

confirmed this was used to show that this can be used to analyse and optimise moored

WECs. While an example of analysis was illustrated in Case Study 1, in Case Study

2 an instance of possible optimisation processes for a realistic device was shown. The

PhD study mainly focused on the case of Earth-reacting WECs but the methodology

may be relevant to be applied to other types of moored WECs.

Regarding Chapters no. 2, no. 4, no. 5 and no. 6 a series of remarks were outlined.

These are the main findings of this project and are listed here next.

- When simulating the PTO mechanism at the laboratory, uncertainties related to

all system damping are difficult to reduce and to differentiate. This aspect is a

significant problem to be addressed. Often it happens that very wrong power

prediction is obtained. This mistake is often also happening in experiments on

commercial devices models. Extreme care in system design and component selec-

tion is essential to allow acceptable results to be obtained.

- The system damping uncertainties can be caused by many system components

and can largely affect model tests results. During this project, it was found that

together with the PTO mechanism, the thickness and material of the mooring

rope, and the type of pulley, are also significant factors that introduce consistent

uncertainties. Improvements of system components and details are indispensable

solutions. For example, the use of dyneema thin mooring ropes during experi-

mental tests was found to be a valuable alternative to thin steel cables.

- Empirical tests indicated that for the considered point absorber the amount of
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energy extracted is little influenced by the floater’s surge motion. This state-

ment is supported by empirical tests data where surge motion was significant (in

particular for the submerged spherical floater tests). In most cases, the mooring

displacement amplitude was almost coinciding with the heave amplitude. Thus,

even if it may happen that the surge amplitude was large; by the only surge

motion, the PTO mechanism is very little activated.

- The quantitative analysis showed that margins between experimentally measured

quantities to numerical predictions exist. For irregular sea simulations, when drift

forces are included, the relative errors for the half-immersed sphere in predicting

surge, heave, mooring load and power are respectively ±14%, ±11%, ±5% and

±7%.

- Decreasing the damping and tuning the mooring length can be a way of optimising

the whole WEC system so that intense mooring load cycles are considerably

reduced. The results of Case Study 1 support this statement.

- Findings of Case Study 1 indicated that even if the use of a latching strategy

method would increase energy extraction to a great extent, the high mooring

loads cycles and maximum values would drastically increase. Thus, if such an

option may be chosen, considerable extra structural costs may exist.

- Through both case studies the methodology proposed in this thesis was imple-

mented for analysing and design taut moored Earth-reacting WECs. For this

task, the numerical tool was used. This methodology firstly was needed to as-

sess the system performance and assess mooring load basic statistics, when the

mooring length and PTO damping were varied. Successively this was applied for

optimising a realistic moored Earth-reacting WEC and for calculating its annual

energy extraction. In both cases by following the proposed generic methodology

is showed that this is a valid approach. These may also be applied to any type

of Earth-reacting WECs. Also, the effect of the other system parameters may be

investigated with this methodology.
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To the best author’s knowledge major original contributions of this thesis concern:

- The definition of a new methodology for analysis and design moored WECs.

- The development of a practical numerical method capable of analysing simpli-

fied Earth-reacting axisymmetric PA taking both surge and heave motions into

account. Compared to commercial software available, it was found that the pro-

posed numerical method robustly allows of taking into account the mooring pre-

tension, when a fully dynamic approach is implemented.

- Having provided extensive empirical results along with information on results

uncertainties for a PA generic model. These results hopeful may be beneficial for

others to be used for other numerical models validation.

- Having provided unique solutions for practical model making and experimental

set-up related to the generic taut moored PA assessed at laboratories.

7.0.5 Verification of project objectives

Next is explained in which part of this thesis each of the objectives stated at the

beginning of this thesis is fulfilled. Experimental study Chapter:

1. To explore the existing literature on the topic of interest both, from a wider

perspective and with a specific focus on a particular type of WECs. This objective

is addressed in Sections 2.2 and 2.3 of Chapter 2.

2. To develop a numerical tool for practical simulating Earth-reacting wave energy

converters of generic geometry. This objective is addressed in all Chapter 3.

3. To develop different experimental set-ups and methods and to accurately simulate

the considered generic Earth-reacting device at hydrodynamics laboratories. This

objective is mainly addressed in Sections 4.4 and 4.5 of Chapter 4.
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4. To obtain reliable and repeatable empirical results. This objective is addressed

in Sections 4.5 and 4.7 of Chapter 4 were the calibration work, the selection of

equipment task was explained, and uncertainty analysis for each experimental

set-up identified was reported.

5. To verify and validate the numerical methods proposed with the results of the

experimental work. This objective is addressed in Chapter 5.

6. To show how the numerical tool developed could be used to investigate the best

parameters for optimum system design. This objective is addressed in Chapter 6.

7. To investigate in an empirical way: the motion response, the axial mooring line

displacement, the mooring loads and the power absorption, for the considered

device. This objective was mainly addressed in Section 4.8 of Chapter 4.

8. To quantify the uncertainties of the experimental results of the different conducted

experiments. This objective was addressed in Section 4.7 of Chapter 4.

7.0.6 Future work recommendations

The numerical tool created in this projects could be improved by considering the fol-

lowing comments.

- The proposed method can be extended to more degrees of freedom and multi-

directional sea. For simplicity, in this project, the floater was assumed to be

only moving vertically and horizontally. In contrast, depending on the geometry

of the floater, the hydrodynamic coupling (neglected here because of the use of

spherical floaters) may be significant. Thus the methodology can be extended to

all 6 degrees of freedom so that can be applied effectively to floaters of any partic-

ular geometry and with any mass distribution having considerable hydrodynamic

coupling between the different modes of motion.
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- At the actual stage, the numerical code developed is tested and verified for deep

water waves. With a little effort, the code may be upgraded to intermediate and

shallow water cases. Further validation will be required.

- It was found that for point absorbers with submerged floaters having a limited

mooring pretension, the system natural frequency may be considerably lower.

Thus, in certain cases, the oscillation amplitude of the laboratory model, at res-

onance condition, together with the value of instant extracted power were found

to be considerably large. For what concern multiple devices to be deployed in

arrays of defined fixed area, it would be of interest to investigate the influence

between floaters’ radius or mass to the annual mooring load cycles and energy

production. Similar methods to the one used in this project could be developed

for this purpose.
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Appendix

A.1 Experimental work

All details of the experimental work are explained in Chapter 4. In this section extra

information on experiments and detailed results are provided.

A.1.1 Session 1

In Tables A.1 and A.2 are reported details of most reliable tests performed during

Session 1 with Model 1.
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Test no. Omega Ampl.(mm) PTO Fp(N) Description
13bis 6.28 13.69 na 1.605 Regular waves
14bis 6.28 13.64 no 1.6 Regular waves
15bis free osc. free osc. na 1.6 H. f.o. Z(0)=1, Z(0)=3 cm
16bis free osc. free osc. na 1.56 H. f.o. Z(0)=1, Z(0)=3 cm
17bis free osc. free osc. no 1.56 H. f.o. Z(0)=1, Z(0)=3 cm
18bis free osc. free osc. no 1.52 H. f.o. Z(0)=1, Z(0)=3 cm
19bis free osc. free osc. na 1.52 Surge f.o. X(0)=5, X(0)=10 cm
20bis free osc. free osc. no 1.52 Surge f.o. X(0)=5, X(0)=10 cm
21bis 2.52 13.07 yes 1.56 Regular waves
22bis 5.66 12.54 yes 1.63 Regular waves
23bis 7.54 12.18 yes 1.57 Regular waves
24bis 8.79 12.58 yes 1.57 Regular waves
25bis 9.41 12.58 yes 1.57 Regular waves
26bis 10.03 12.59 yes 1.57 Regular waves
27bis 10.74 12.79 yes 1.56 Regular waves
28bis 11.32 12.60 yes 1.56 Regular waves
29bis 11.94 12.61 yes 1.56 Regular waves
30bis free osc. free osc. yes 1.56 H. f.o. Z(0)=1, Z(0)=3 cm
31bis free osc. free osc. no 1.56 H. f.o. Z(0)=1, Z(0)=3 cm
32bis free osc. free osc. no 1.56 Surge f.o. X(0)=5, X(0)=10 cm
33bis free osc. free osc. yes 1.56 Surge f.o. X(0)=5, X(0)=10 cm
34bis free osc. free osc. yes 1.56 Surge f.o. X(0)=15 cm
35bis free osc. free osc. no 1.56 Surge f.o. X(0)=15 cm
36bis 2.45 10.04 yes 1.6 Regular waves
37bis 5.66 12.57 yes 1.55 Wrong test
38bis 8.84 12.50 no 1.57 Regular waves
39bis 8.83 12.49 yes 1.57 Regular waves
40bis 7.54 12.31 yes 1.57 Regular waves
41bis 8.80 12.63 yes 1.57 Regular waves
42bis 9.40 12.59 yes 1.57 Regular waves
43bis 9.98 12.63 yes 1.57 Regular waves

Table A.1: Description of tests (1/2)

272



Appendix A. Appendix

Test no. Omega Ampl.(mm) PTO Fp(N) Description
44bis na na yes 1.57 Wrong test
45bis 10.51 12.69 yes 1.57 Regular waves
46bis na na yes 1.57 Wrong test
47bis 1.89 12.59 yes 1.6 Regular waves
48bis 2.50 10.98 yes 1.6 Regular waves
49bis 3.77 12.59 yes 1.6 Regular waves
50bis 5.66 12.61 yes 1.6 Regular waves
51bis 7.54 12.45 yes 1.6 Regular waves
52bis 8.78 12.62 yes 1.6 Regular waves
53bis 9.41 12.59 yes 1.6 Regular waves
54bis 10.02 12.74 yes 1.6 Regular waves
55bis 10.45 12.72 yes 1.6 Regular waves
56bis 11.35 12.58 yes 1.6 R.w., experienced high pitch
57bis 11.92 12.55 yes 1.6 R.w., experienced high pitch
58bis 2.51 11.33 yes 1.6 Regular waves
59bis 4.64 11.61 yes 1.6 Regular waves
60bis 5.84 12.98 yes 1.59 R.w.;different PTO force
61bis 7.79 12.26 yes 1.58 Regular waves
62bis 4.64 11.82 yes 1.58 Regular waves
63bis 5.84 12.73 yes 1.58 Regular waves
64bis 7.79 12.62 yes 1.57 Regular waves
65bis 4.65 12.24 yes 1.57 Regular waves
66bis 4.65 12.22 yes 1.55 Regular waves
67bis 5.84 12.65 yes 1.5 Regular waves
68bis 8.80 12.61 yes 1.5 Regular waves
69bis 4.64 12.24 yes 1.5 Regular waves
70bis 5.84 12.67 yes 1.5 Regular waves
71bis 7.79 12.59 yes 1.5 Regular waves
72bis 4.65 12.24 yes 1.5 R.w.; same par. as Test no.69bis
73bis 4.65 12.23 yes 1.5 Regular waves
74bis 5.85 12.66 yes 1.53 Regular waves
75bis 7.80 12.59 yes 1.55 Regular waves
76bis irr.sea irr.sea yes 1.58 Hs=2 Tp=10 γ=2.6 gain=1.9
77bis irr.sea irr.sea yes 1.58 Hs=2 Tp=10 γ=2.6 gain=1.9
78bis irr.sea irr.sea yes 1.58 Hs=2 Tp=10 γ=2.6 gain=1
79bis irr.sea irr.sea yes 1.58 Hs=2 Tp=7.5 γ=2.6 gain=1
80bis irr.sea irr.sea yes 1.58 Hs=2 Tp=12.5 γ=2.6 gain=1
81bis irr.sea irr.sea yes 1.58 Hs=2 Tp=10 γ=2.6 gain=1

Table A.2: Description of tests (2/2)
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A.1.2 Session 2

In Table A.3 are reported details of tests run with Model 2 during Session 2.

Test no. Cpto Input in wavemaker Test no. Cpto Input in wavemaker
Frequency(Hz) Amplitude(m) Frequency(Hz) Amplitude(m)

1 off 0.3 0.02 38 on 1.4 0.04
2 off 0.4 0.02 39 on 0.7 0.04
3 off 0.5 0.02 40 on 0.7 0.08
4 off 0.6 0.02 41 on 0.3 0.08
5 off 0.7 0.02 42 on 0.4 0.08
6 off 0.2 0.02 43 on 0.5 0.08
7 off 0.8 0.02 44 on 0.6 0.08
8 off 0.9 0.02 45 on 0.8 0.08
9 off 1 0.02 46 on 0.9 0.08
10 off 1.1 0.02 47 on 1 0.08
11 off 1.2 0.02 48 on 1.1 0.08
12 on 0.3 0.02 49 on 1.2 0.08
13 on 0.4 0.02 50 on 1.3 0.08
14 on 0.5 0.02 51 on 1.4 0.08
15 on 0.6 0.02 52 on 0.08
16 on 0.7 0.02 53 on 0.8 0.03
17 on 0.8 0.02 54 on 1 0.03
18 on 0.9 0.02 55 on 1.2 0.03
19 on 1 0.02 56 on 1.4 0.03
20 on 1.1 0.02 57 on 1.5 0.03
21 on 1.2 0.02 58 on 0.5 0.04
22 on 1.3 0.02 59 on 0.7 0.04
23 on 1.4 0.02 60 on 0.9 0.04
24 on NA 61 on 1.1 0.04
25 on 0.9 0.03 62 on NA
26 off 0.9 0.03 63 on 0.5 0.08
27 on 0.3 0.04 64 on 0.7 0.08
28 on 0.4 0.04 65 on 0.9 0.08
29 on 0.5 0.04 66 on NA
30 on 0.6 0.04 67 on 0.3 0.16
31 on 0.6 0.04 68 on 0.5 0.11
32 on 0.8 0.04 69 on 0.7 0.11
33 on 0.9 0.04 70 on 0.9 0.11
34 on 1 0.04 71 on 0.5 0.11
35 on 1.1 0.04 72 on Hs=0.091 Tp=1.206
36 on 1.2 0.04 73 on Free osc.
37 on 1.3 0.04

Table A.3: Session 2 (Model 2) tests overview.

A.1.3 Session 3

Compared to the other sessions, during Session 3, the most accurate empirical data

was acquired. Over 400 regular waves tests were carried out. Further 35 tests related

irregular sea states and free oscillations tests. Here in this section. All relevant results of

regular waves tests not reported in Chapter 4 are reported. All results are also reported
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in tabular form. In Tables A.4 to A.20 are reported results for all configurations tested

during Session 3. These results concern heave, surge, wave probe, load cell, mooring

displacement and RAOs amplitudes and frequencies related to the physical models in

resonance with waves. Also, input parameters and their real scale corresponding values

are reported.

Half-immersed spherical PA model tests results

In Figures A.1, 4.49 and Figure A.2 are shown the results of 3 different level of PTO

force simulated. This force varied according to the 3 levels of damping chosen. The low

damping value is 25 % lower than the normal damping value and the high damping is

25% more than the normal damping value. The normal damping value was equal to 40

kg/s (2.5 · 105 kg/s) at real-scale) which in dimensionless form (C∗) corresponds to the

value of 0.5. These and results of all other configurations tested are also reported in

tabular form, in the following tables.
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Figure A.1: Experiments results related to the low damping configuration of half-
immersed PA in regular waves of amplitude a=0.03 m.
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Figure A.2: Experiments results related to the high damping configuration of half-
immersed PA in regular waves of amplitude a=0.03 m.
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Figure A.3: Experiments results related to the normal damping configuration of half-
immersed PA in regular waves of amplitude a=0.045 m.
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Appendix A. Appendix

Submerged spherical PA model tests results

In Figure A.4 are reported results in graphical form relative to the no motor configu-

ration (submerged model) at Depth 2 with the second spring used.
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Appendix A. Appendix

Figure A.4: Experiments results related to submerged spherical PA in regular waves of
amplitude a=0.015 m when the servomotor was removed and the spring n.2 was used.
For this configuration some tests were not done or not included in here because the
floater was coming afloat and thus in those occasions the mooring line became slack
giving misleading results.
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Appendix A. Appendix

A.2 Verification and validation of numerical tool with ex-

periments

Validation of Nemoh code results

Also, hydrodynamic coefficients for the DNV caisson have been calculated with the

Nemoh code. These coefficients are reported and compared to the results given by

others. This task was done to verify the Nemoh code itself and verify how this code

was integrated into the numerical tool developed in this project. Results for the caisson

are illustrated next.

Results for caisson

The D.N.V. Caisson was analysed with a range of wave periods and compared to existing

results obtained by (T = 1 to 40 seconds) Faltinsen and Michelsen (1974) and those

obtained by Delhommeau (1987). The geometry analysed is shown in Figure A.5.

In Figures A.6 to A.9 are shown respectively the added mass, radiation damping,

RAOs, wave excitation forces (modules and moment) of the DNV caisson. This last is

measuring 90 m width, 90 m long and has a draught of 40 m. The mesh created was

made of 300 panels. In Figure A.5 half of the caisson is displayed.
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Appendix A. Appendix

Figure A.5: Mesh of DNV caisson (150 panels)
.

Figure A.6: Added mass and radiation damping of DNV caisson
.
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Appendix A. Appendix

Figure A.7: Response amplitude operators (RAOs) for DNV caisson
.

Figure A.8: Wave excitation loads for DNV caisson
.
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Appendix A. Appendix

Figure A.9: Wave excitation moment for DNV caisson
.
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Appendix A. Appendix

A.2.1 Extra regular waves validation figures

In the following figures is shown the comparison of numerical results with empirical

results relative to the immersed floater at Depth 3. Results confirm of what was found

for Depth 1.
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Appendix A. Appendix

Figure A.10: RAOs obtained with different methods: TD and FD calculations; ex-
perimental results. The depth for this set of tests was set to f/r=2.5 (Depth n.4)
and the damping value corresponded to the value referred as Damping n.4 (refer to
Section 4.8.3).
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Appendix A. Appendix

Figure A.11: Comparison of mooring displacement and mooring force (at load cell).
The depth for these tests was set to f/r=2.5 (Depth n.4) and the damping value
corresponded to the value referred as Damping n.4 (refer to Section 4.8.3).
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Appendix A. Appendix

Figure A.12: Estimated power factor values from experimental data and from the nu-
merical code. The depth for these tests was set to f/r=2.5 (Depth n.4) and the damping
value corresponded to the value referred as Damping n.4 (refer to Section 4.8.3).
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Appendix A. Appendix

A.2.2 Extra comparisons of time-domain calculations with experi-

mental results

In Figure A.13 is shown further comparison of floater and mooring load trajectories

plotted against surge for a regular waves test. TD results in this case were obtained

without considering drift forces.

Figure A.13: Comparison of time-domain calculations with experimental results at 1:33
and 1:86 scale (where horizontal drift forces are not included in the TD calculations).
On left hand figures the floater trajectory is shown. On right hand figures the mooring
load after damping mechanism is plotted against the surge position.
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