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Abstract

Floating offshore wind turbine technology is progressing from the research stages to com-
mercial projects. It will be an increasing source of renewable energy over the next few
years. The better quality of the wind resource and environmental considerations will en-
courage developers further offshore, if commercially viable. This research work presents
the initial development of the Deep Turbine Installation-Floating (DTI-F) concept. The
DTI-F concept is a hybrid spar buoy-based floating offshore substructure capable of
supporting a 7 MW wind turbine with the uniqueness of being able to raise and lower
the tower and nacelle, which simplifies construction, installation, maintenance, and de-
commissioning. The research proceeds in three parts; the first part is a compilation of
the background of floating wind turbines and the DTI-F concept. A novel construction
method and the installation and assembly processes are outlined, as well as the para-
metric approach used to perform the preliminary design of the floater. The second part
presents both the aerodynamic and hydrodynamic modelling techniques applied during
this research. It covers the aeroelastic analysis of the Levenmouth wind turbine (WT)
and the experimental and numerical hydrodynamic analysis of the DTI-F concept holding
the Levenmouth WT. The Levenmouth (Samsung Heavy Industries - S7.0-171) offshore
wind turbine owned by the Offshore Renewable Energy Catapult (ORE Catapult) is a
real, operating demonstration wind turbine. The aeroelastic model of the Levenmouth
WT has provided the load-matrix of a real, operating seven megawatts WT. The results
of the aeroelastic analysis have been integrated parametrically into the design of the DTI-
F floater. The hydrodynamic analysis of the floating system undertaken for this research
is based on experimental and numerical modelling work. A 1:45 Froude scale model of
the DTI-F wind concept was tested using three different mooring configurations: i) three
mooring lines, ii) four mooring lines, and iii) three mooring lines with a delta connection.

Free decay and stiffness decay tests were carried out together with regular and irregular



wave tests. The numerical study comprises diffraction analysis (ANSYS AQWA) and
time-domain modelling (OrcaFlex) of the system, and it has been validated against the
aforementioned experimental results. The outcome of this research has demonstrated the
good practice of the DTI-F concept and has increased the Technology Readiness Level of
the studied concept from 1 to 3 while proving that the DTI-F concept has a high degree
of technical feasibility. The concluding part of the research provides a discussion of the

overall work along with conclusions, recommendations, and future work suggestions.
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Lay Summary

Human society has progressed in parallel with energy consumption. The bigger and more
refined our society becomes, bigger amounts of energy are needed to fulfil our require-
ments. Due to the increasing demand, new sources of energy must be sought. Humans
started unlocking energy by burning wood and then, during the industrial revolution,
evolved to burn fossil fuels which provided more energy. Nowadays, as we are aware of
the harmful effects on the environment caused by the burning of fossil fuels, the global
economy is transiting to renewable sources of energy. One of the most promising tech-
nologies regarding sustainable energy production is wind energy. We have developed
wind turbines to harvest the energy inside the wind and make it useful. It has been
demonstrated that offshore wind turbines are more efficient than onshore due to the
better quality of the wind offshore. Moreover, floating wind gives the possibility of ex-
panding wind energy into new deep-water areas, unlocking a vast amount of new energy
resource. However, the challenges associated with floating offshore wind are huge. The
static stability of a tall floating structure holding a massive wind turbine on the top is
complex. Considering the dynamic conditions, where the floating system is subjected
to loads of wind, waves, and currents increase the level of complexity even more. The
present research aims to de-risk floating offshore wind by conducting several simulations
of the different subsystems conforming a floating offshore wind turbine. The mechanical
behaviour of a large wind turbine is studied, and the results are used as a basis for a
subsequent floater design. The complete floating system has been built to scale, tested,
and the results were fed to the simulations to make them more accurate. It is expected

that the outcomes of this research will support floating wind development.
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1. Introduction

1.1. Background

In recent years, as driven by globalisation and population growth, the world energy
demand has been increasing [1]. Emerging countries where the economy is blooming
increase significantly their energy demand as well as developed countries at a modest
level. However, although the global energy mix relies primarily on fossil fuel, the energy
consumption by fuel projections shows how renewable energy, nuclear power and natural
gas are the fastest-growing energy sources (Figure 1.1.1).
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Figure 1.1.1.: World energy demand [1].

The ability to decarbonise a country’s energy mix to mitigate the risk to the envi-
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ronment and use its indigenous renewable resources to reduce the risk to its energy
supply will determine the future economic and social wellness of the society. Without
reliable, sustainable, and reasonably priced energy there can be no long-term sustainable
growth. These three goals are the so-called energy ‘trilemma’ (Figure 1.1.2) connect-
ing public and private actors, governments and regulators, economic and social factors,
natural resources, environmental concerns, and individual behaviours [2]. In philosophy,
a trilemma is a difficult choice between three options which appear contradicting each
other. It is also known as ‘impossible trinity’. The reason for the existence of a trilemma
is the conflict of interest between the different actors involved. While affordability and
decarbonisation are the dominant issues for the public, energy security is paramount for
governments stability. The world energy trilemma has pushed policymakers to develop
and deliver policies addressing security, sustainability, and equity in the energy supply

simultaneously.

Source: https://galloway.green
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Figure 1.1.2.: Energy ‘trilemma’ [3].



Wind Energy

In the European Union (EU), the share of energy from renewable sources in gross final
of energy in 2018 [4] reached 17.5%, up from 8.5% in 2004. This increase in renewable
energy consumption has been boosted by EU policies like the target of 20% energy in
gross final consumption of energy from renewable sources by 2020. In parallel, the UK,
which is the flagship of renewable energy development in the world has set ambitious

objectives like bring all greenhouse gas emissions to net zero by 2050.

The combination of a market eager for energy and a thriving renewable industry, along
with the proper policy alignment and international agreements, e.g. Kyoto Protocol,
Paris agreement, or the European Renewable Energy Directive, are the main drivers

behind the development of electrical wind power.

1.2. Wind Energy

Humans have used wind energy in sailing ships since the sixth-fifth millennia BC [5].
During the last two millennia, wind-powered machines have converted wind energy into
rotational energy using vanes. The produced rotational energy can be transformed into
heat, potential and linear kinetic energy, and more recently wind turbines transforms it
into electrical power. Professor James Blyth built the world’s first electricity-generating
wind-powered machine, i.e. wind turbine, in Scotland in the late 1880s. Although Pro-
fessor Blyth published a paper in 1891 [6] supporting the benefits of renewable energy
sources like wind, it was not until 1973 when the oil price crisis pushed forward the
investigation regarding non-petroleum energy sources. In 1978, the world’s first multi-
megawatt wind turbine was built in Denmark, and since then the wind industry has
continued growing and developing edge technology to produce cost-effective wind power.
WindEurope has presented a set of estimates for the wind development in Europe by
2030 with installed cumulative wind energy capacity ranging from 256 GW to over 397

GW [7]. Figure 1.2.1 shows a comparative summary of the expected macroeconomic
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benefits linked to eventual wind energy development for the three possible scenarios.
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Figure 1.2.1.: Wind development in Europe by 2030]7].
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1.3. Offshore Wind Energy

In 1991 the wind industry led by DONG (Dansk Olie og Naturgas A/S), a Danish power
company, began its offshore expansion starting with the North Sea continental shelf.
Thereafter, the wind industry has been gradually moving further and deeper offshore.
In 2016, Vattenfall won an auction for Denmark’s 600MW Kriegers Flak offshore wind
project at €49.9/MWh, and in 2018 Orsted won a subsidy-free project in Germany to
develop the 420 MW Borkum Riffgrund West 1 wind farm [8|. At the end of 2018,
Europe’s cumulative offshore wind capacity reached 18,499 MW (Figure 1.3.1). The
United Kingdom represented 49% of Europe’s gross capacity, followed by Germany (36%),

Belgium (12%), and Denmark, Spain, France and Sweden.

Offshore wind in deeper water will be an increasing source of renewable energy over
the next years. The better quality of the wind resource will encourage developers further
offshore, making floating solutions increasingly commercially viable. However, moving
into deep marine environment will increase the cost and complexity of some operations,
such as maintenance and decommissioning, over land-based or shallow water-based works.
Deepwater challenges are mainly related to the lack of a fixed and stable operating surface,
but also due to the constant motion of the water-free surface through waves and currents,
the corrosive environment, the increasing distance to the shore, the harshest weather
conditions, a higher loading, and fatigue-related problems among others. However, first
and foremost, cost reduction is the main challenge for the industry, and much work is

being done to address it.
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Figure 1.3.1.: 2018 Europe’s cumulative offshore wind capacity|9].
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Floating Offshore Wind

1.4. Floating Offshore Wind

Over the last few years, experience has been gained with floating wind technology. It
has evolved from being an academic topic to start delivering sustainable, reliable energy
supply to the grid. The Equinor’s Hywind project [10] installed their first full-scale spar
buoy floating offshore wind turbine (FOWT) back in 2009 in the North Sea close to the
Norwegian coast. The project continued in Scotland, and in 2018 became the world’s first
floating wind farm producing electricity to the grid [11]. In order to have a standard and
systematised framework to assess the level of development of a technology, the National
Aeronautics and Space Administration (NASA) agency of the United Stated government
introduced back in the seventies the Technology Readiness Level (TRL) scheme [12].
Regarding the TRL scheme, the first full-scale spar buoy FOWT installed in 2009 has a
level 6-7, whereas the floating wind farm inaugurated in 2018 achieved the TRL 9. Full

description of the TRIL schemes is provided in Appendix I.

Hitherto, different floating foundations have been proposed [13, 14]. Semi-submersibles
[15, 16], barges [17], and tension leg platforms [18, 19] have been developed along with
spar buoy-based [20] developments (Figure 1.4.1). Figure 1.4.2 displays the different

stability mechanisms used by the above-mentioned floating foundations.

The barge-type FOWT have a large pontoon structure holding the tower and nacelle
set. Distributed buoyancy and a large waterplane area give the stability required to the
pontoon, which may be moored by conventional catenary chains and anchored by drag
anchors or suction caissons. Due to its susceptibility to the roll and pitch motions and

its limited draft, it may only be installed in calm and shallow waters.

11
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f
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Figure 1.4.1.: Different types of floating wind foundations. Modified from [21].

Semi-submersible concepts consist of several flotation columns connected by bracing
members and kept in position by mooring lines. The wind turbine may be sitting on
one of these flotation columns or in the geometric centre of the structure. The flotation
columns provide ballast and the needed water-plane area for stabilisation purposes. Its
relatively shallow draft allows for site flexibility.

A spar buoy-based FOWT system comprises the floating foundation also known as
floater, the tower and the rotor-nacelle assembly (RNA). The floater may be towed in
the horizontal position, upended, ballasted, and finally, tower sections and the RNA
are assembled and installed by a derrick crane barge. Then, the structure is towed in
the vertical position to the deployment site and connected to the mooring system. The
large draft of the floating foundation ensures excellent ballast stability and stays upright
thanks to the sizeable righting moment arm and high inertial resistance to pitch and roll
motions. Therefore, deep-water sites are required for deploying a spar-type FOW'T, and
adequate keel to sea-bed vertical clearance is also necessary to ensure mooring system

effectivity. Conventional catenary chains moor the spar system which is anchored to the

12
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seabed by drag anchors or suction caissons.

The TLP-type concept comprises a floating platform held in position by vertical ten-
dons (also known as tethers) anchored by a gravity base foundation, suction caissons or
by pile-driven anchors. TLP-type FOWT has a low dynamic response but is subject to
‘pull down’ phenomena which relate to the increase in the draft when the platform offsets
from its equilibrium position. TLP wind turbine may be assembled and commissioned
onshore and then towed to the deployment site reducing expensive heavy-lift vessels or

derrick crane barges for offshore construction.

—25% ballast
(DE) stabilized

125% waterplane s.

0% ballast s.
o batasts 100% waterplane

stabilized

25% ballast s. 75% waterplane s.

>
>

S0% ballast s. 50% waterplane s.

-

75% ballast s. 25% waterplane s.

100% ballast
stabilized

/ / Vi

0% moor. s. 25% moor. s. 50% moor. s. 75% moor. s. 100% mooring 125% moor. s.
stabilized

Figure 1.4.2.: Stability mechanisms used by the above-mentioned floating foundations
[22].

It should be remarked that there are hybrid types of floating wind turbines. Thus,
there are spar-buoy concepts moored by a single vertical tendon held at the base by a

swivel connection, or adding heave plates, or truss structures connected to the bottom of
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the floater. The present work focusses on a utility-scale, single-turbine hybrid spar buoy-

based floating design called Deepwater Turbine Installation-Floating (DTI-F) concept.

1.5. Deepwater Turbine Installation-Floating concept

Back in 2013, Concrete Marine Solutions (CMS) Ltd [23] developed an offshore wind

gravity-based concrete foundation called DTI-50 which stands for Deepwater Turbine

Installation — 50 metres draft (Figure 1.5.1). The idea was also applied to met-mast

foundations 22| since the modular design was flexible enough to fulfil requirements for

heavier and lighter structures compared with an offshore wind turbine. As shown in

Figure 1.5.1, the DTI-50 has the uniqueness of being able to raise and lower the tower and

nacelle, which simplifies construction, installation, maintenance, and decommissioning.

working piatfarm
tapar kack
AR fintabon cyinder acked

o, Ouities ) rollors inta pesition
“ locking device

nstallafion pantaon—"

FONTOON INSTALLATION COMPLETED INSTALLATION

DTI-50

& Inherently safer operation

@ Simple production line construction

& Al components can be built in the UK

& Completed and commissioned at quayside
& Pontoon delivers and installs complete unit
& Can be installed in water depths up to 60m
& Faster installation, less weather dependant
& Choice of safe access to tower for boats
@ Built-in scour protection to foundation base
@ Concrete column eliminates comrosion

& Power cables installed at quayside

& Turbine can be lowered for maintenance

& Structure is easily relocated / decommissioned

Figure 1.5.1.: Promotional leaflet of the DTI-50 with a list of the main advantages of the

technology [22].

In 2014, Statoil launched its ‘Hywind Challenge’ [24, 25] inviting any interested com-
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pany to help to improve the Hywind turbines assembly and installation sequence. CMS
responded to the challenge presenting a modification of the DTI-50, the DTI-80F which
stands for Deepwater Turbine Installation-80 metres draft Floating concept (Figure
1.5.2). The DTI-80F was strongly inspired in the DTI-50, but in this case, it was a
hybrid steel-concrete substructure, i.e. the frustum base was designed on steel following
naval architecture basis and the main support column was designed as a modular con-
crete structure. One of the requirements of the ‘Hywind Challenge’ was participating
with ideas with no intellectual property rights. Since the DTI-80F had an intellectual

property (IP) in place [26], the idea was not further considered for the challenge.

In 2016, CMS decided to apply for an Industrial Centre for Doctoral Training for
Offshore Renewable Energy (IDCORE) student to further develop the DTI-80F concept
by:

1. Developing funding applications to ensure the long-term viability of the project.

2. Reducing the draft of the floating substructure to fill the gap left between the

DTI-50 and the current floating concept.

3. Redesigning the substructure using concrete and allowing the use of novel multi-

megawatt sized wind turbines.

By the time of starting the research project, the focus of the research and the main

objectives changed to conform what is explained in the following Sections.
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Figure 1.5.2.: Technical sketch of the DTI-80F showing the construction and installation
method.

1.6. Motivation

FOWTs are a recurrent topic nowadays. Technical research projects range from design-
ing new concepts, optimising existing ones or further developing any of the subsystems,
e.g. blades, controllers, floaters, moorings among others. However, the common moti-
vation behind them is to reduce the costs of the cleanest and most secure indigenous
energy resource. The economics of the FOWTs is determined by the additional ex-
penditure of the floating structure, the power distribution system, the operations and
maintenance, and decommissioning. Therefore, the aim of this research is to bring to
the market an economically viable floating foundation able to reduce capital, operations
and maintenance (O&M), and decommission costs, i.e. CAPEX, OPEX, and DECEX;
while reducing global dependence on fossil fuels and fulfilling customer requirements.
Despite the Equinor’s Hywind project technical achievements, the published Levelised
Cost of Energy (LCoE) was 156 EUR/MWh [24]. LCoE for onshore wind developments
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ranged between 40 and 82 EUR/MWh in 2018, and the range rises between 75 and 138
EUR/MWh for ‘conventional’ offshore wind developments [27]. The goal is to achieve
an LCOE between 40 to 60 EUR/MWh by 2030 [28]. Hitherto, a substantial amount
of research work is being carried out to identify the optimal floating configuration. The
optimal floating system must deliver sustainable energy while reducing capital and O&M
expenditure and decommission costs. Therefore, there is room in the market for novel
floating systems if they can significantly address the challenges stated before. This work
aims to perform the initial design of a novel concrete floater able to raise up and lower

down the tower and nacelle set.

1.7. Scope

As stated before, the design of a FOWT is complex and involves several engineering
disciplines. The wind field interacts with the blades through bending and rotation. Re-
gardless of the gearing system used, the rotation of the rotor is transmitted to the shafts
where the elasticity plays an important role. This rotatory motion is then transmitted
to the generator which is also affected by the electric network. This set of loads are then
communicated from the nacelle to the tower by the yaw system which will introduce a
new stiffness to the system on top of the blades and shaft. The tower will receive the
loads coming from the nacelle and the load from the wind field directly impacting the
tower (which will be affected by the pass-through of the blades while spinning). Again,
the elasticity /bending of the tower will notably affect the transmission of the loads to
the substructure. Usually, the substructure is modelled as a flexible body with a global
response, which will be finally transmitted to the anchoring system through the moor-
ing lines. It is worth highlighting that all these systems have complex dynamics on
their own. Therefore, the level of complexity reached, once all the systems are fully-

coupled is elevated. Moreover, the control system and the transmission piece effects
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should also be considered, and in order to increase the fidelity of the simulations, the hy-
drodynamic interactions between the substructure, the moorings, and power cables with
waves and currents, e.g. ringing, vortex-induced vibrations (VIV) and the complicated
soil-anchoring system interaction, should be investigated. Therefore, only a few topics

regarding the design will be treated in this thesis.

Blades, rotor, shaft system, gearbox, generator, and nacelle namely wind turbine sys-
tem, are discussed and numerically modelled. This part of the study is subjected to a
confidentiality agreement with Offshore Renewable Energy Catapults which prevents the
disclosure of the Levenmouth WT data as well as the generated results except for the
interface loads. The interactions of the WT system with the tower and yaw system are
also covered. However, the setup of a suitable controller is specifically out of the scope
of this work. As a result, an aeroelastic model of the Levenmouth WT in addition to its
load-matrix were provided allowing both, the development of a structural analysis of the

floater and a fully-coupled simulation once the hydrodynamic model was also developed.

Once the WT, yaw system and tower are defined by the aeroelastic model, the next
logical step within the initial design is the foundation definition. An initial parametric
design of a novel concrete floating foundation is presented in addition to a number of
stability requirements that are controlled within the parametric design. Finally, the

mooring layout an the construction and installation methods are outlined.

At this stage, the floating system is completely defined, apart from the control system
strategy. Therefore, a scale model was designed and tested twice to get the needed infor-
mation to set up, calibrate and eventually validate hydrodynamic numerical simulations
of the mentioned experimental campaigns. Numerical models were developed only for
the scale model. Even tough full-scale results can be provided by the numerical models,
performing the full-scale calculations or scaling up the results is out of the scope except
for the natural periods of oscillation results that have been scale-up to facilitate the

comparison with standards.
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1.8. Aims and objectives

The general aim of this work is to advance the development of the DTI-F concept, a
floating substructure able to raise and lower the tower and nacelle set for effective cost
reduction during construction, installation, maintenance and decommissioning stages.
Specifically, the main aim is to increase the TRL level of the DTI-F concept from 1 to 3.

In the following, the specific objectives for each Chapter are given and the actions

taken in order to achieve these objectives are summarised.

1.8.1. Chapter 3: Numerical methods for aeroelastic analysis of wind

turbines.

In order to perform the first dimensioning of the floater, the W'T to be installed must
be chosen. Defining the WT will set the tip weight of the floating system and will
allow forecasting the external forces acting on the structure. Excluding wave driven load
cases, the main contribution regarding loads in a FOWT is generated by the W'T itself.
Therefore, the objective of this Chapter is the characterisation of the aero-servo-elastic
response of a real large WT: the Levenmouth WT. This involves numerical modelling

aiming to:
(i) Understand the coupled behaviour of the Levenmouth WT components
(ii) Build an aero-servo-elastic model of the Levenmouth WT

(iii) Estimate the Levenmouth WT load matrix and compare it with the commissioning

results.
The following tasks must be performed, to accomplish the above-mentioned objectives:

(1) Establish the research methodology for building an aero-servo-elastic model based

on the design of WTs.
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(2) A review of aero-servo-elastic theory, numerical modelling methods and tools for

floating wind turbines.

(3) Gather, classify, and process the technical data and parameters of the Levenmouth

WT system to produce the required inputs for an aeroelastic simulation.
(4) Set up and run aeroelastic simulations of the critical design load cases previously
identified by Offshore Renewable Energy Catapult staff.
1.8.2. Chapter 4: Baseline design.

The primary objective of this Chapter is to establish the new design of the floating
substructure by using a parametric approach. It is proposed that the original design

would improve by:
(i) reducing the draft of the substructure from 80 metres to approximately 60 metres,
(ii) investigating the feasibility of a 100% concrete substructure.

To achieve the above-mentioned objectives, the next tasks have been identified as

below:

(1) Establish the research methodology for designing parametrically a floater for a
FOWT.

(2) Build a tool to parametrically design the dimensions of the floater while fulfilling

static stability and simple dynamic stability requirements.

(3) Include all the specific requirements of the DTI-F concept into the parametric

design tool.

(4) Iterate the initial design to reduce the draft of the original steel floater while in-
creasing the weight due to the new construction material by changing the wall

thickness of the concrete substructure.
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(5) Outline a novel construction method as well as the installation and assembly pro-

cesses.

Since the initial dimensions of the floater are already established, the first estimation of
the natural periods of the floater and maximum pitch angle can be performed. Keeping
those natural periods away from wave excitation and the maximum pitch angle within

operational conditions is extremely important.

1.8.3. Chapter 5: Experimental methods and analysis techniques for

FOWT

The main objective of this Chapter is to characterise the hydrodynamic response of the

DTI-F concept by using experimental methods. This part of the investigation aims to:

(i) Establish the guidelines to design, build, test and validate a scale model including

the mooring lines.
(ii) Characterise the static, quasi-static, and dynamic response of the floater.
(iii) Identify the optimal mooring-line configuration.
(iv) Establish the performance of the DTI-F concept in regular and irregular seas.

(v) Produce the required data to validate the numerical models of the DTI-F concept

with the chosen mooring configuration.

To accomplish the objectives above, hydrodynamic testing of a scale model of a floating

wind turbine was performed along with the following tasks:

(1) Establish the research methodology for building and testing a physical model of
the DTI-F concept.

(2) Build a physical model of the DTI-F system carrying the Levenmouth WT.
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(3)

(10)

(11)

(12)
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Determine the mass properties of the scale model by carrying out inclination and

swing tests.

Determine the axial stiffness of the chain used to scale the mooring lines by per-

forming tensile testing.

Determine the draft, trim and heel values of the free-floating system by carrying

out static experiments.

Identify the stiffness of the floating system by performing quai-static tests over the

moored system.

Characterise the unmoored DTI-F substructure hydrodynamically i.e. no mooring
lines and ‘soft’ mooring lines, by calculating natural periods, damping ratios and

response amplitude operators (RAOs).

Evaluate the advantages and disadvantages of different catenary mooring config-
urations, i.e. three lines, four lines, and three lines with a delta connection, by
comparing natural periods, damping ratios. Use the produced results as a basis for

mooring system selection.

Characterise the DTI-F substructure hydrodynamically with the chosen mooring
configurations by calculating its RAOs in multi-directional regular seas and the

non-dimensional displacements for random seas.

Measure and quantify the hydrodynamic response and evaluate the loading on

mooring lines.

Produce the required data to validate the numerical models of the DTI-F concept

with the chosen mooring configuration.

Compare the obtained results with previous research and international standards.



Outline of this thesis

1.8.4. Chapter 6: Numerical methods for the FOWT

The primary objective of this Chapter is to develop the numerical hydrodynamic models
of the DTI-F and to validate them using the experimental results obtained in Chapter
5. In addition, an accurate 3D computer-aided design (CAD) model and a mass model
will be developed in order to characterise the mass properties and stability features of

the system. This part of the investigation aims to:

(i) Understand the coupled behaviour of the DTI floater and mooring lines.
(ii) Build numerical models matching the experimental response of the floater.
(iii) Simulate the performance of the DTI-F concept in realistic seas.

(iv) Produce a hydrodynamic model able to be coupled with the aeroelastic model

developed in Chapter 3 in order to simulate fully-coupled dynamic conditions.

Given the aims stated before, the following tasks have been identified:

(1) Establish numerical models to simulate the coupled hydrodynamic behaviour of the

DTI-F system as tested.

(2) Calibrate and validate the numerical model with results from the experiments con-

ducted in the previous Chapter.

1.9. Outline of this thesis

The present work is divided in seven Chapters, each of which deals with a different aspect
of FOWTs. After the preamble presented in this Chapter, introducing the increase of
energy demand, the wind energy, and how this novel technology has been shifted from
onshore sites to deeper locations, the Deepwater Turbine Installation-Floating concept

has been presented along with the motivation, scope and objectives of this dissertation.
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Chapter 2 provides a review of the literature used in this dissertation to guide, justify

and backup the main methodologies employed, and conclusions made.

Chapter 3 deals with aerodynamic analysis. It covers an introduction to wind tur-
bine design, the available simulation tools, a review of some basic concepts regarding

aeroelasticity, and the aero-servo-elastic analysis of the Levenmouth wind turbine.

Chapter 4 introduces the key design considerations adopted when developing a FOWT
and presents the initial parametric dimensioning of the DTI floater. Construction and

deployments strategies are also outlined.

Chapter 5 and 6 develop the hydrodynamic analysis of the DTI-F concept using both,
numerical and experimental methods. Chapter 5 gives an insight of the facilities used
for the hydrodynamic testing, the scale model design and construction, and the instru-
mentation employed to record the responses and environmental conditions. It covers all
the experimental tests performed over the scale model, the analysis from the raw data

to generate the results, and their discussion and conclusions.

In Chapter 6, the numerical developments performed to simulate the scale model of
the DTI-F concept are explained along with some notes on wave forces acting on floating
bodies. The numerical models are calibrated and validated against the experimental

results shown in Chapter 5, and the results are discussed within the context of FOWTs.

Chapter 7 provides a summary of the most important findings and the implications
that can be derived from them, and the suggested recommendations for future research

respectively.

The overall structure of this engineering doctorate (EngD) dissertation is presented in

Figure 1.9.1.
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e Offshore Renewable Energy Catapult agreement to have the royalty-free, fully paid-

up, non-exclusive license to use its Levenmouth Wind Turbine data for the purpose
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of developing an aeroelastic numerical model. Moreover, a royalty-free right to use

the results for academic and research purposes was granted.

Serret, J., Rodriguez, C., Tezdogan, T., Stratford, T., Thies, P.R. (2018). Code
comparison of a NREL-FAST model of the Levenmouth wind turbine with the GH
Bladed commissioning results. Proceedings of the ASME 2018 37th International
Conference on Ocean, Offshore and Arctic Engineering. DOI: 10.1115/OMAE2018-
77495. |online| Available at:

Energy Technology Partnership-Knowledge Exchange Network grant secured to

build the scale model

One week of hydrodynamic testing granted in Lir National Ocean Test Facility

through the MaRINET2 transnational access.

One week of hydrodynamic testing granted in Ocean Energy Research Facility

through the ‘PhD Test Access’ competitive application.

Serret, J., Tezdogan, T., Stratford, T., Thies, P.R. and Venugopal, V. (2018).
Model test of the DTI-Floating wind concept. Proceedings of the 3rd International

Conference on Offshore Renewable Energy.

Serret, J., Tezdogan, T., Stratford, T., Thies, P.R. and Venugopal, V. (2019). Base-
line design of the deep turbine installation-floating, a new floating wind concept.
Proceedings of the ASME 2019 38th International Conference on Ocean, Offshore

and Arctic Engineering.

Serret, J., Tezdogan, T., Stratford, T., Thies, P.R. and Venugopal, V. (2019). Hy-
drodynamic response of the deep turbine installation-floating concept. Proceedings

of the ASME 2019 99th International Power Conference.



2. Literature Review

As a result of the wind industry moving further offshore, floating wind turbines have
become a flourishing technology that has abruptly evolved from being an academic topic
to deliver power to the grid. Similarities with the offshore oil industry have boosted the
development of such a complex technology, but given that the dimensions, the possible
locations, and the profit margins differ so much, specific developments are mandatory
for floating offshore wind turbines (FOWT). Besides, the lack of previous long-term
experience, the extreme conditions faced by this kind of energy systems, in addition to
the necessity of decrease the cost of energy while improving reliability, create the ideal
scenario to set up research programs, e.g. MSc, PhD, or EngD dissertations, facing and
trying to solve as far as possible each of these issues. The previous Chapter identified
the key research problems regarding the immediate development of the DTI-F concept,
i.e. aeroelastic characterisation of real large wind turbines (WT), establishing the initial
design of the floater, and characterising the new design holding the previously studied

WT hydrodynamically from both experimental and numerical modelling approaches.

This chapter gives an overview of the key findings, concepts and developments concern-
ing FOWTSs relevant for the present research. By comparing methods and conclusions,
it presents how this thesis sits in the background of other work performed in the same
field. As stated before, the novelty of the present work lies in the fact that all the calcu-
lations consider a new FOW'T concept. Therefore, most of the methodologies employed

are sourced from international standards and there is no possibility of adopting another
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approach unless the specifics of the particular research demand it. However, some devel-
opments within the present study are still research topics. In these cases, the discussion
will be focussed to demonstrate that the approach adopted is the most suitable for the

present work.

2.1. General

In order to understand the necessity for developing floating wind and the constantly
increasing rate of energy consumption in the world, a detailed review of international
energy outlooks gives the required insight. Organisations like the U.S Energy Information
Administration [1|, the World Energy Council [2] or Wind Europe [4] among others
provide with regular reports analysing the energy consumption and more importantly,
breaking down this information in terms of different sources of energy, spatial variation on
consumption, and beneficial side effects produced as a consequence of the developments of
new technologies, i.e. created jobs, avoided CO2 emissions among several others. These
references in addition to others more focussed in the policies allowing the expansion of
renewable energies |2, 3|, and the ones forecasting possible scenarios |7, 8, 9, 29| provide
the researchers with the appropriate framework to start the design of a suitable FOW'T,

narrowing the uncertainties linked to markets that are increasingly competitive.

FOWTs are complex energy systems including elements as the wind turbine, the foun-
dations, the seakeeping arrangements, the substation connection, the substation, and
the transmission to shore and the connection to the grid. Such a system should be stud-
ied in a coupled fashion due to the strong interaction between subsystems. Though as
stated before, the high levels of complexity is reached when the whole system is coupled,
preventing us to perform this kind of studies during the early stages of development.
Regarding that, it is easy to find literature explaining the wind energy [30], covering the

design of wind turbines [32, 33|, and focusing exclusively in FOWTs from a holistic point
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of view [30, 31], i.e. as a whole, even though this is a relatively novel research topic.
Moreover, abundant literature covers specific topics from a general point of view, but the

former will be tackled in its respective Sections.

A relevant metric to assess the level of maturity of a technology is the Technology
Readiness Level (TRL) scheme [12]. The concept was first introduced by the National
Aeronautics and Space Administration (NASA) agency of the United Stated government
and subsequently modified by Lloyd’s Register into more convenient floating offshore
wind TRL (see Appendix IT). TRL metric was employed to define the general aim of this
research since the use of TRL gives a standard idea of the current level of development
and the level expected to be achieved. It has been found that many of the developments
regarding the technical advance of FOWTs does not mention initial and expected TRL
levels. Only, large-scale well-stablished public-funded research projects, e.g. LIFES50+,
The Carbon Trust, MaRINET?2, use regularly the TRL metric and force their beneficiaries
to report such levels since it is a requirement when applying to public/research grants.
Additionally, there is a debated question as to how to calculate the TRL of a system
that has parts at different TRLs. In the present research, the TRL concept has been
used from a conservative point of view, i.e. the global TRL of the technology has been
calculated as the minimum TRL presented by any of the different parts even though it

has multiple TRLs concurrently.

2.2. Aeroelastic modelling of WT

The literature regarding the aeroelasticity is extensive. In the early stages of the wind
industry development, concepts from aeronautic or civil engineering were adopted since
they gather useful information that can be applied to W'T developments. However, the
requirements of W'Ts and specifically of FOW'TS, in addition to the fast growth of the wind

industry provided the required resources to further develop aeroelasticity methodologies
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for the wind and subsequently the floating wind industries.

2.2.1. Basic concepts

The existing literature on generic topics like wind energy, wind turbine design or floating
wind [30, 31, 32, 33, 34, 36, 45] links directly with aeroelasticity up to a certain level
of detail. The focus of these studies is not the aeroelasticity itself; however, the effects
of the aeroelastic phenomena influence some of the subsystems to such an extent that
it is not possible to introduce the wind energy topic avoiding basic concepts regarding
aeroelasticity such the ones presented in Chapter 3.

Moving a step forward and leaving general aeroelasticity theory, deeper studies regard-
ing different aerodynamic models [38, 39, 41, 42, 43] applied to WT aeroelasticity, e.g.
blade element momentum (BEM) theory can be found. [41] presents a comprehensive
study on the BEM theory applied to blades analysis, settling down methodologies that
have been subsequently adopted by other researchers in their studies, e.g. [39] presents
simulation results coupling aeroelasticity based in BEM theory with hydrodynamics,
[42] used BEM principles to investigate noise and vibrations at wind farm level, or [43]
giving insight on the aerodynamic performance of blades using BEM approach. These
methodologies have been successfully calibrated against experimental developments in
[38] among others. Therefore, BEM theory is widely accepted and it is the state of art
in the industry.

However, BEM theory has some limitations. [48] postulated the generalised dynamic
wake (GDW) in order to avoid dynamic wake effects, and [40] extends the research to
unsteady conditions and introduces a free vortex wake (FREWK) model while presenting
a comparison between BEM, GWD, and FREWK results against experimental data. The
results highlight the robustness of BEM techniques consolidating them as industry state-
of-art. Other limitations of BEM theory have been investigated [44, 45, 46, 47| to provide

with corrections to the BEM theory such as Prandt’s tip loss, Glauert, dynamic stall and
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tower shadow corrections to name the most relevant and accepted ones.

2.2.2. Numerical modelling of WT

Since FOWTs are a contemporary research topic, there are numerous codes able to deal
with the numerical simulation of a WT. In [36, 37|, two of the flagships on the develop-
ment of FOWTs, i.e. National Renewable Energy Laboratory (NREL) and the Technical
University of Denmark (DTU), survey the different design tools and numerical models
available to design and further develop WTs.

In [36], the authors summarise the existing design tools in terms of the software avail-
able. Since the authors belong to NREL, special attention has been paid in enumerate
every single possibility of coupling between their FAST code and other numerical mod-
els. NREL FAST is a very powerful and flexible glue code capable of simulating many
of the possible situations and conditions that a WT system can experiment. However,
its maximum strength is the simulation of the aeroelasticity of the WT itself. It is not
surprising, that many efforts have been allocated to be able to couple these results with
as many different hydrodynamic simulation tools as possible. The last part of the paper
lists different projects relating them to the tools used and the validation process they
followed to certify the result.

[36] indicates the importance of using potential flow-based solutions that include wave
radiation damping when analysing the floater of a FOWT and therefore this approach
has been adopted for the present study. It also states the lack of available measured data
form FOW'Ts pointing to the conclusion that more testing and code to code comparison
is needed to increase the level of confidence of the numerical models used to simulate
FOW'T’s behaviour.

Reference [37| is a deliverable of the LIFES50+ project. It covers the available hydro-
dynamic, mooring, structural, and aerodynamic models relevant for the development of

the project. This document has been developed by DTU researches with contributions of
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the other partners of the LIFES50+ project, therefore it represents a high-quality update
of the information compiled in [36]. It analyses the available hydrodynamic, mooring,
structural, and aerodynamic models relevant to the development of FOWT development
projects as the present research. Regarding that, the paper states how BEM is still the
chosen aerodynamic model implemented in most of the integrated tools and how the
FEM approach is becoming predominant in the time-domain state-of-the-art integrated
tools. Like in [36], the last part of the report is dedicated to the comparison of results,

and it also includes an very useful Section on the initial ‘pre-design’ methodologies.

Both references, in addition of [65, 67|, which are considered as standard-like docu-
ments regarding verification and comparison between aeroelastic codes, set the master
lines followed in Chapter 3 for the analysis, verification and subsequent comparison of

the obtained simulations with the Levenmouth WT commissioning results.

Reference [65, 67] constitute the most relevant studies for this work since they set
the basis for establishing a standard method to perform comparisons between codes.
Especially in [65], the authors perform an analysis involving simulations of a spar buoy
concept. Therefore, the major trends considered to accept or refuse simulated results
are extracted from this source. These references are going to be further discussed in the

next section.

Another relevant element to consider when simulating aeroelasticity is the design load
cases. This is part of the main topic developed in the International Electronic Com-
mission (IEC) standards [61, 62]. [61] refers to land-based WTs whereas [62] extends
its recommendations to all the aspects regarding offshore W'Is. These references define
the different load cases, and when and how must be used to produce results that can be
easily compared leading to straight forward conclusions. Depending on the nature of a
study, other approaches can be chosen but since the objective of this work is to advance
systematically in the TRL of the DTI-F, it has been concluded that following accepted

standards is the most appropriate. Regarding that, the IEC is a widely recognised or-
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ganisation in charge of publishing standards regarding electrical, electronic and related
technologies. Therefore, their recommendations have been adopted as the methodology

to define the DLCs tested over the course of this research.

Other significant aspects regarding the aeroelastic modelling are the number and the
length of the simulations. Reference [60] from NREL, discusses both topics trying to fill
the gap of knowledge regarding operational loads focussing. The results indicate that
adequate initial simulation time must be allocated to eliminate start-up transients and
recommends a minimum of 60 seconds. The results of the research showed that the length
of the wind files did not affect the aerodynamic loads produced in the turbine, as long as
the total simulation time is produced by repeating periodically a shorter (ten minutes at
the shortest) simulated wind and the total simulation time is kept constant, i.e. a larger
number of shorter simulations led to same loads than longer simulation. Although many
other studies tackled the topic after [60], no relevant differences regarding the results
have been reported. Therefore, and based on the fact that all the conclusions shed in
[60] match the recommendations made in the standards, the initial simulation time and

the total simulation length were selected based on the results provided in [60].

To perform the aeroelastic analysis of the Levenmouth WT presented in Chapter 3,
an extensive amount of non-disclosable data was employed. These parameters were used
to build an NREL FAST aeroelastic model. NREL FAST code is extremely powerful
in terms of capabilities. However, the lack of visual interface complicates the use of
the tool, making the industry opts towards commercial tools like GH Bladed which are
user-friendly. Essential references to build an NREL FAST aeroelastic model include
[50, 51, 52, 53, 54, 55, 56, 57, 58| covering every single pre-processor or simulator. These
documents are published by NREL and define the capabilities and limitations of each
module used by NREL FAST to produce final results. These documents present a con-
siderable lack of homogeneity and are not systematic. Few of the mentioned references

give a proper theoretical basis on the methods proposed and are limited to a ‘how to
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use’ manual of the specific module. It is noted that the documents are needed to build
an NREL FAST model but are insufficient to completely set up a model and there is no
other way to solve certain issues than contacting NREL directly or looking for further

information in the public forums.

2.2.3. Code comparison

Once a numerical model is built, its results should be compared and validated against
other sets of results or experiments.

There is still controversy regarding the use of comparison and validation terms. While
some researchers and academics used both terms as a synonym, others argue about the
differences between them. Henceforth, the term comparison is going to be used to refer
the work developed in Chapter 3, i.e. compare results from two different codes that are
verified but there is no evidence of one being more accurate than the other, and validation
will be the comparison of results obtained from a verified code against data obtained from
field measurements, i.e. the real records of the quantity that the numerical model tries
to predict also known as Supervisory Control And Data Acquisition (SCADA) data.

For the reasons explained above, the paramount task that must be performed is to es-
tablish the functional framework to compare the results of the numerical model developed
with the commissioning results.

The definition of commissioning covers all activities after all components of the wind
turbine are installed. Hence, it comprises all the testing leading to the operational stage.
It is the most reliable information on the operation of the wind turbine, besides SCADA
data. GH Bladed, the industry aero-elastic standard modelling tool, was used during the
commissioning of the Levenmouth turbine.

As mentioned in the previous Section, references [65, 67] provide an accepted functional
framework to compare the results from different verified numerical model results.

Both are publications lead by NREL although [67] compiles the results of a consortium
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including several universities and industrial partners and are considered as standards
regarding code to code results comparison.

[65] presents the comparison of the results produced using different numerical models
for monopiles with both, rigid and flexible foundations as well as for a tripod support-
foundation and a floating spar-buoy W'T within the frame of the Offshore Code Compar-
ison Collaboration (OC3) project. In these references, it is shown how irrespective of the
type of foundation tackled, comparing two numerical models means comparing the dy-
namic and steady-state behaviours. Therefore, the eigenvalues from different subsystems,
the steady power curves, the deflections in static equilibrium and the power coefficient
versus tip-speed-ratio curves should be compared before the dynamic behaviour of the
models.

The conclusions of the study present a factual comparison between the different rel-
evant results obtained from the simulation of the different systems studied. However,
the most remarkable common conclusion, i.e. irrespective of the type of foundation
considered, states that the observations regarding the comparison of different numerical
models for monopile concepts are also applicable to the observations made for the tripod
support-foundation and a floating spar-buoy W'T. Therefore, it must be concluded that
the methodology applied during the comparison is satisfactory.

Reference [67] describes the activities performed during the Offshore Code Comparison
Collaboration Continuation (OC4) project. As stated before, the research is similar to
the one performed in reference

[65] however, the results are not so relevant for the present study since the floater
considered is a semi-submersible FOWT.

The references presented above validate both, the choice of NREL FAST as a modelling
tool and the approach followed within the present research since it is based on a standard
procedure allowing to direct comparison with the majority of the FOWT developments

that are also following them.
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2.3. Experimental hydrodynamics

Building scale models to test their hydrodynamic responses under a controlled environ-
ment as a wave basin or a towing tank is a common practice within several engineering
disciplines. The shipbuilding industry tests scale ship models since 1868 when William
Froude developed the formula known as the Froude number. The Froude number al-
lows using the results of a small-scale prototype to forecast the behaviour of the full-
size maintaining certain quantities as the ratio of water particle to wave velocity, the

Keulegan-Carpenter number, and the aerodynamic Lock number.

2.3.1. Tank testing methodology

The experimental developments regarding FOWTs have several similitudes with ship
models and oil and gas floating structures. However, the range of scales is so different
that specific rules and methodologies must be conducted.

In reference [71], an exhaustive summary of tank testing and data analysis techniques
for the assessment of sailboat hydrodynamic characteristic can be found. The focus of
the article is not FOWTs, but it gives an overall overview of the process of performing
experimental development in hydrodynamics. The paper explains from the pre-testing
planning, i.e. model-scale, model construction, and test matrix to the post-test analysis,
i.e. model to prototype extrapolation and hydrodynamic modelling, passing through
testing setups and tank/basin typical issues. An important part of this work gives the
insight to scale effects and typical issues faced when experimental programs must be
run, i.e. waiting time, tank turbulence among others. The main advantage of using
information from other related industries is that some aspects that normally are not the
focus when investigating FOWTs can be relevant for these industries and helps us to
consider them properly.

Specific methodologies regarding different experiments can be gathered from [78, 79,
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80]. [78, 79] are a Der Norske Veritas-Germanischer Lloyd (DNV-GL) summary on rules
and standards and a paper respectively. In [78], there is an exhaustive description of how
to perform the lightweight survey and the subsequent inclining tests to obtain lightship
displacements, longitudinal and transversal centres of gravity (CoG), and [79] explains
the details of a set swing tests performed to calculate the moments of inertia (Mol) of an
aircraft. Both documents inspired the solutions and methodologies adopted to test the
transversal CoG, height of the CoG from now on, and the Mol of the scale model. No
explicit references regarding the realisation of inclining or swing tests for FOW'Ts have
been found apart from references to the fact that the tests were performed. This is due to
the fact that these tests are normally conducted by the builder of the model which usually
is the same body running the testing capability. Therefore, these activities have been
performed in advance to the hydrodynamic testing and the researchers only mentioned
that were performed without providing further information on the methodology employed

or the results of the testing.

2.3.2. Analysis of experimental data

In order to evaluate the obtained results, e.g. natural frequencies of oscillation, different
Der Norske Veritas-Germanischer Lloyd (DNV-GL) standards [68, 87] were employed in
addition to papers like [82, 84]. Reference [82]| deserve special mention since it is a state
of the art paper dealing with the hydrodynamics of mooring systems under static, quasi-
static, decay, regular wave, and random wave testing. The paper develops the theory to
split the damping into its linear and quadratic components, which is going to be used in
the subsequent numerical modelling of the experiments. It is worth mentioning that [82]
gives a superb insight into procedures regarding random wave experiments. Reference
[84] is also relevant for the analysis of the data obtained during the testing campaign. It
presents the results of the regular and random wave tests in terms of RAO. Computing the

RAOs from regular wave tests is a common practice. However, the computation of RAOs
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from irregular waves and their analysis is still a research topic. In [84], the measured
wave and response spectrums were used to compute the response amplitude operator for
irregular waves in the frequency domain. The authors believe that response quantified as
RAO computed from irregular wave tests is better since testing in more realistic irregular
waves helps to identify irregularities in response, e.g. coupled excitation introduced by

non-linear forces at periods other than the wave periods.

2.4. Numerical hydrodynamics

The main purpose of numerical simulations is to reduce the number of trial-and-error
prototypes by using Computer-Aided Engineering processes. Using Computer-Aided
Engineering (CAE) tools, e.g. finite element analysis (FEA), multibody simulations
(MBS), the designers may substantially trim prototyping costing in addition to decrease
time to market and improve performance and reliability while reducing material costs.
This Section will provide an assessment of the state-of-art regarding numerical simulation
of FOWTs. It focusses on the simulation of the free-floating wind energy system and the

subsequent modelling of the mooring lines.

2.4.1. Hydrodynamic response of a free floater

The hydrodynamic response of a free FOWT can be calculated from different theoretical
models.

Published research in [89] shows how solving the Navier-Stokes equations would be the
right choice if accuracy is the goal, although linearising such equations is a more rea-
sonable approach for an early analysis of the hydrodynamic response of floating bodies.
However, to understand the limitations of the linear method compared with computa-
tional fluid dynamic (CFD) calculations, deep insight on the different results obtained

with reduced order hydrodynamic models and CFD is mandatory.
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Reference [88] investigate these differences for the OC4-DeepCwind semi-submersible
concept using the reduced-order hydrodynamic model NREL FAST+WAMIT and Open
FOAM CFD. When analysing current interaction results, OpenFOAM properly captures
the time-varying nature of the forces acting on the floating body while the reduced-
order hydrodynamic model forecasts overestimate the results due to the disregard of the
vortex shedding, the shadowing effects, and the difference in drag coefficients between
NREL FAST+WAMIT and OpenFOAM. However, when analysing regular wave results
the reduced-order hydrodynamic model shows excellent agreement with CFD results
since the load contributions from drag are negligible compared to contributions from

diffraction.

Reference [84], as mentioned above, has influenced the present research since it presents
model testing on a spar-buoy FOWT. The research focuses on the hydrodynamic charac-
terisation of a stepped-spar FOWT and was performed at the University of Edinburgh.
Even though the scaling was 1:100, the results obtained during the testing campaign
were used as accepted patterns for spar-buoy FOWTs and have been compared with the

results of the present investigation.

Another study influencing the present research is reported in [18]. In this case, re-
searchers from the University of Strathclyde performed scale testing of a TLP-concept,
i.e. Iberdrola TLP WIND. The scale of choice was close to the one used in this re-
search. Therefore, convergences were expected and subsequently checked. The paper
also describes the practicalities of using a software-in-the-loop (SiL) solution to replicate
realistic loads in the nacelle by means of a ducted fan fed by the results of an aeroelastic
code, e.g. NREL FAST. Since this is the methodology accepted to validate fully-coupled
simulations, it is relevant to configure the future work regarding the development of the

DTI-F concept.

Reference [82] provides an excellent overview of available calibration techniques. The

suggested calibration scheme has been applied to the ANSYS AQWA simulation to get
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maximum accuracy matching the testing results.

Reference [82] presents a numerical model validation study using the methodology ex-
plained before. The authors retrieve RAOs, added masses, stiffness, radiation damping
and quadratic transfer functions (QTFs) from the Hydrostar radiation/diffraction po-
tential code to feed OrcaFlex. The results obtained are comparable with the results of
the present research, but the different scheme used by Hydrostar and ANSYS AQWA
to calculate the mean wave drift load QTFs, i.e. ANSYS AQWA uses the Pinkster’s
approximation whereas Hydrostar uses full second-order results, in addition to the fact

that [82] studies the response of a wave energy converter justifies the differences.

2.4.2. Modelling and analysis of the mooring line dynamics

Modelling the coupled response of a floating body with the mooring lines attached is a
key issue since the response of the floating body is hugely influenced by the seakeeping
system. The primary purpose of a mooring line is to restrain the motion of a floating body
to avoid damage of the energy export cable and to maintain the desired position. When
modelling FOWTs, different mooring types can be considered, e.g. catenary, taut tendons
among others. In addition to the type of mooring, the type of floating body interacting
with waves also influences the responses obtained. Therefore, using the proper tool that
includes the needed models to consider all the characteristics of the floating body to be
analysed is paramount.

OrcaFlex is a hydrodynamic software package which enables to perform the analysis of
a moored system. The code is accompanied with an exhaustive amount of documentation
and it can answer any questions regarding the software functionalities. This documen-
tation is relevant since it tackles some of the procedures that must be followed when
performing advanced simulations, e.g. [99, 100, 101, 103|.

In the present study, a novel modelling approach has been employed: a hybrid buoy-

vessel model. Reference [101] provides the theoretical base and methodology to properly
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build hybrid models since they are a relatively new development in OrcaFlex that has

suffered from changes since it was firstly released in 2015.

Once the numerical model is built, it must be calibrated to match stiffness decay
results. As mentioned before, reference [82] provides an excellent overview of calibration
techniques. Specifically, the methodology explained to apply the additional linear and
quadratic damping has been also used in the present study with satisfactory results. As
mentioned before, [82] presents results regarding a wave energy converter. Therefore,
the results cannot be directly compared. However, both the present study and [82]
show modelling and response similitudes, and many trends found in [82] have served as
a verification for the present results. As expected, the results shown in [82] present a
remarkable matching with testing results for decay and regular experiments whereas the
level of accuracy decrease for irregular wave experiments. Regarding random waves, the
authors presented only short-length time series, e.g. 12 seconds of duration, showing an
acceptable fit between simulated and experimental responses. It is worth noting that the

authors chose a vessel object to model the floater.

Another relevant work regarding the analysis of the mooring lines dynamics is reference
[84]. As mentioned before, the research focusses on the response analysis of a spar-buoy
based FOWT. However, the results of the present study must be compared with care
since the scale considered, i.e. 1:100 sets a different hydrodynamic regime than the one
considered in the present study; therefore the authors chose a buoy object to model
the floater. Regardless of the different scale and hydrodynamic regime, the modelling
approach is also different than the one used in the present study. The authors used a
superimposed motion based on the displacement RAOs plus a harmonic motion, meaning
that the motions due to waves are being imposed on the vessel. Using that approach
the vessel will affect the motion of the mooring lines but not vice versa. Therefore, the
floating structure’s motion will follow a steady, repeatable pattern of motions in regular

waves as shown in [82].
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2.5. Summary

This Chapter discussed the relevant literature used during the execution of the present

research to ensure that the approach presented is the most suitable for the present work.

From the above-mentioned literature, it has been extracted procedures and methods
to successfully perform the needed tasks to accomplish the aims and objectives listed in
Section 1.8. Some of the references give insight into the key findings regarding aeroelastic
and hydrodynamic modelling, and a few of them are useful when comparing trends found

in the results.

Another important outcome of the Literature Review is the identification of several

gaps in the literature that have been addressed in the thesis.

As stated before, the literature concerning the NREL FAST code is necessary but
not sufficient to successfully set up an aeroelastic model. Many procedures have to be
extracted from the NREL Forum, and in the present case, some of them have been
inquired directly to NREL staff. These procedures have been detailed in an attempt to

fill the previous gap.

Dimensions, parameters, and results from aeroelastic modelling of real wind turbines
are restricted to small and relatively old WTs technology. This thesis has tried to solve
this issue as far as possible. However, many of the most relevant information has been

kept as ORE Catapult proprietary information due to legal constraints.

In particular, there is a lack of loading matrices from both real and reference W'Ts.
The loading matrix of a W'T is the initial information used to perform the subsequent
structural analysis of the floater and the optimisation of the tower design. This thesis has
investigated into load matrices and even released the load matrix of the Levenmouth WT
which will be an extraordinary starting point for many future studies. Another important
literature gap identified during the development of the research work was regarding the

inclination and swing tests needed to validate a scale model. Only a few studies regarding
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FOWTs mention such testing and no mention to procedures employed have been found
apart from ship standards. This situation has been addressed by extracting and compiling
information from studies from other industries, e.g. aeronautic, that also use these

methods within the present study.
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3. Numerical methods for aeroelastic

analysis of wind turbines

3.1. Introduction

This Chapter presents the characterisation of the aero-servo-elastic response of a real
large WT: The Levenmouth WT'. Since the general objective of this study is to further
develop the DTI-F concept, ensuring initial stability of the floater, enabling fully cou-
pled simulations of the FOWT, and providing enough strength to the substructure are
paramount. In order to conduct a initial stability analysis for a FOW'T, the international
standards require to check on the behaviour of the floating structure when it is under
steady loads of the wind thrust at rated wind speed. These loads can be obtained with
simpler methodologies than an aeroelastic analysis; however, it is worth to highlight that
the results obtained with these simpler methodologies turned out 25% lower than the
ones obtained with the analysis presented in this Chapter and the difference in loads
leads to remarkable differences in the following design, e.g. wall thickness, weight, draft.
Besides, the response of the FOWT due to the wind heeling moments in severe storm
conditions, and in severe storm conditions during a fault of the yaw system must be in-
vestigated. Furthermore, one of the requirements to perform a fully-coupled simulation
is to have both aeroelastic and hydrodynamic models ready to be coupled. Therefore, the
development of an aeroelastic model of a WT is imperative within the development of the

DTI-F concept. It is worth to mention that there was no attempt to perform fully coupled
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simulations within the aero-servo-elastic environment since the hydrodynamic database
required (WAMIT outputs) was not available. Finally, to perform the structural analysis
of the floater, the dynamic load matrix of the wind turbine is needed. Therefore, the

procedure used to calculate the dynamic load matrix is going to be explained.

3.2. Wind turbine design analysis

The design of a wind turbine (WT) is subjected to multiple constraints and consider-
ations, e.g. climatic, site-specific, and environmental factors. However, the economic
viability is the determining factor in evaluating the success of a new design. A success-
ful wind turbine design should be able to generate electric power at a lower cost than

previous designs and its competitors.

The main capital cost associated with FOWT is the turbine itself [29]. Hence, reducing
the cost of energy depends largely on minimising the cost of the WT. W'T designers
explore different solutions to reduce the cost of the individual components of a WT,
which eventually will reduce the overall cost of the WT. However, the design must fulfil
other constraints in terms of weight, extreme loads resistance, and withstanding cyclic
loading, which eventually leads to fatigue damage. In summary, a balance between the

costs control and material quality is fundamental during the design process.

The analysis of a WT can be performed following the design steps. Figure 3.2.1 presents

a systematic framework establishing the critical design steps for analysing a WT [30, 31].
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Figure 3.2.1.: Wind turbine critical design steps.

Establishing the function of a new WT is the first design step. Its application will

determine the size of the WT, like so, the type of generator, control strategy and so, e.g.

large multi-MW WT with rotor diameters up to 200 m are adequate to produce bulk

power for supply large utility networks, whereas W'Ts in the range of few hundreds of kW

are better suited to supply remote communities. After determining the application, the

next step implies a review of the available literature regarding W'I's that has been built

for similar applications. There are several concepts already developed, and some of them

have extensive testing already performed. A holistic approach considering operation,
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maintenance, and servicing is the standard practice for successful developments.
The next step is related to the topology of the WT. The most relevant topologic

characteristics of a WT are:
e Rotor axis orientation
e Power control
e Rotor position
e Yaw control
e Rotor speed
e Design tip speed ratio and solidity
e Type of hub
e Number of blades

The most fundamental topological characteristic of a W'T is the rotor axis orientation.
Although some developments are using vertical axis WT (VAWT), most of the developers
choose horizontal axis WT. VAWTs do not need yaw control, and their blades can have
a constant chord and no twist. Thus, they can be cheaply built, compared to VAWT.
However, they suffer from fatigue-related problems since the angle of attack varies rapidly
during each rotation producing abrupt changes in the forces applied on the airfoil and
dynamic stall of the blades. The power control strategy is another essential choice. It
includes stall, pitch and yaw control, among others, and influences the overall perfor-
mance of the WT in many ways. The rotor position determines the yaw strategy since
downwind rotors allow free yaw strategy. The rotor speed may be constant or variable,
and depending on the choice, it will determine the selection of generator, gearbox and
transmission system. The tip speed ratio also influences the overall performance of the

WT since it is related to the power coefficient, but also with the chord, thickness, and
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solidity of the blade which eventually will determine the number of blades. Given a con-
figuration with a constant number of blades, the thickness (and the chord) will decrease
as the solidity decreases. Since there is a lower limit for the thickness of the blades (due
to structural limitations), the designers reduce the number the blades as the solidity
decreases. It is worth mentioning that reducing the number of blades will reduce torques
(for a constant power level) and weight while reducing costs. However, by reducing the
number of blades, the WT will produce less power, more noise, and a variable polar mo-
ments of inertia (Mol) for the yaw mode of motion, so the designer must balance between
the advantageous and disadvantages of reducing the number of blades. The number of
blades also influence the type of hub. Two-bladed WTs are usually teetering or they use
hinges in the hub, whereas three-bladed ones generally employ a rigid hub with variable

pitch blades.

Before developing an initial design, an estimation of the loads that the wind turbine
must withstand is necessary. The loads acting on a WT can be categorised as steady,
cyclic, stochastic, transient or resonance-induced loads. Similarly, the W'T components

are designed to withstand ultimate and fatigue loads.

With the WT general layout defined along with the load’s estimation, a tentative design
may be considered. Now the focus moves from the W'T itself to the different subsystems
and components definition. Once rotor and generator subsystems are defined, the power
curve can be envisaged, and with all the components in place, an integrated analysis
may be performed in order to evaluate the design. Further description of the different
subsystems and components of a WT is beyond the scope of this work since there is an

extensive literature [32, 33, 34, 35] covering this fundamental topic.
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3.3. Simulation tools

There are several computational techniques available to simulate the behaviour of a
WT [36]. It is known that WTs exhibit strong coupling between their subsystems and

components.

A wind field interacts with the blades bending them and making them spin. Regardless
of the gearing system used, the rotational energy of the rotor is transmitted through the
shaft where the elasticity plays an important role. The rotatory motion of the shaft
system feeds the generator which interacts with the electric network. This set of loads
are then transmitted from the nacelle frame to the tower through the yaw system, which

will introduce a new stiffness to the system in addition to the blades and shaft ones.

The tower will receive the resulting loads coming from the nacelle and the loads from
the wind field hitting the tower. These loads are strongly affected by the pass-through
of the blades while spinning, and again the elasticity /bending of the tower will notably
affect the transmission of the loads to the transmission piece, substructure, mooring lines

and eventually to the anchoring system for the case of a FOWT.

Moreover, the WT control system manages and oversees the overall operation of a WT.
The WT control system consists of a number of computers which continuously monitor
the condition of the WT and switches between operational strategies, i.e. standby, start-
up, power production, shut-down, shut-down with a fault; to minimise drive-train and

structural loads while maximising the energy capture and the power quality.

To simulate the strongly coupled aero-servo-elastic problem explained before, specific
simulation tools have been developed [36, 37] such as NREL FAST, GH Bladed, 3DFloat,
Flex5, HAWC2, SIMA, and Simpack among others. However, uncoupled simulations are
still needed for early developments, and the simulation and validation of the disconnected

phenomena are required to get successful coupled results eventually.

Blade Element Momentum (BEM) theory is the most widely used method to calculate
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aerodynamic loads. BEM methods are accurate enough and computationally efficient
[38, 39]. However, the dynamic inflow models like the Generalized Dynamic Wake (GDW)
predict blade loads far better than BEM for specific operations, e.g. yawed operations
[40].

The structural analysis must be performed from static and dynamic points of view.
Both strategies may be implemented using finite element (FE) or modal analysis. How-
ever, the most common approach uses both types of analysis, e.g. NREL FAST uses FE
to calculate the dynamic coupled modes (BModes pre-processor) of blades and tower, i.e.
cantilever beams, but henceforth it works with the mode shapes, so it becomes a modal
analysis. Usually, global and local independent analysis are required, and depending on
the nature of the studied phenomena, solid-rigid or flexible motions along with linear or

non-linear analysis may be performed.

3.4. Basic aeroelasticity

Full development of the theory behind the aeroelastic phenomena is beyond the scope
of this work. However, a summary of the primary aspects concerning BEM theory is
introduced below.

As name suggests, BEM theory combines the momentum balance on a rotating annular
streamtube passing through a turbine, with the lift and drag forces generated by the

different aerofoil sections composing the blade.

3.4.1. Momentum theory

The air flow considered in Figure 3.4.1 always remains within the streamtube boundaries
shown in blue. Therefore, two different control volumes are considered: between stations
1 and 2, i.e. before the rotor plane, and between stations 3 and 4, i.e. after the rotor

plane.
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Side View

@ @B O,

(a) Axial view of the streamtube surrounding a WT.

PROC

(b) Frontal view of the rotating annular streamtube.

Figure 3.4.1.: Control volumes considered in BEM theory [41].

Establishing the inlet-outlet conservation of momentum and mass conservation through
the control volumes, in addition to the assumptions listed below, it can be concluded that
the velocity at the rotor disk is the average of the upstream and downstream velocity.

. V1 — Vg

= 3.4.1
a=s (3.1

e The flow is incompressible and remains in steady-state regime,
e The pressure is equal to ambient pressure far from the disk, i.e. P = Py,

e Exists a pressure jump at the rotor disk with continuous velocity across the rotor

disk, i.e. v9 = vs3,
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e The flow is frictionless between 1 and 2 and 3 and 4, i.e. Bernoulli’s equation is

applicable.

By using the axial induction factor (1) defined before, the thrust and power coefficients

(2, 3), as well as the Betz’s limit (4), can be easily defined as follows:

Cr=4a(1—a) (3.4.2)
Cp = 4a(1 — a)? (3.4.3)
1
Bentz's limit = Cpyas = 2—3 = 0.593 — 59.3% (3.4.4)

The axial induction factor (a in Eq. 3.4.1) is the fractional decrease in wind speed
observed between the free stream and the energy extraction device. The thrust coefficient
(Cr as given in Eq. 3.4.2) is the ratio between thrust and dynamic forces, and the power
coefficient (Cp as given in Eq. 3.4.3) is an expression of the power performance. The
Betz’s limit defines the theoretical maximum power coefficient and it is determined by
taking the derivative of Equation 3.4.3. The power extracted by a wind turbine is under
the Betz’s limit because of the wake, the inexistence of frictionless flow, both mechanical
and electrical losses, and the fact that the theory explained above also assume an infinite
number of blades.

Considering the rotation of the streamtube control volumes (Figure 3.4.2), the angular
induction factor (a’) can be defined as it was done previously with the axial induction

factor (Eq. 3.4.5):

ad=—— (3.4.5)

Where w and {2 are the wake and rotor angular velocities respectively.
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Front View

Figure 3.4.2.: Rotating annular streamtube [41].

Therefore, momentum theory yields equations for the axial (d7") and tangential (dM)

force on an annular element of fluid, as shown below.

dT = 4prrVia(l — a)dr (3.4.6)

dM = 4rr3wVpd (1 — a)dr (3.4.7)

Where Vyrefers to the wind speed.

3.4.2. Blade Element Theory

The Blade Element Theory (BET) considers the flow passing through the blade divided
into a finite number of blade elements. Each blade element (Figure 3.4.3) will have
slightly different geometry and aerodynamic features, i.e. rotational speed (Qr), chord

length (c), and twist angle (7') . Therefore, the flow is curved as it passes over the
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aerofoil.

(a) Blade element model.

_____________

Twist along the
blade lengih

(b) Twist angle along the blade.

Figure 3.4.3.: Blade element model and twist angle along the blade, adapted from [41, 42].
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Figure 3.4.4 shows the forces acting on each blade element, where dL and dD are the lift
and drag forces. Lift and drag forces are calculated using the lift and drag coefficients
(Cr and Cp) which are experimentally obtained for each different airfoil. It is worth
mentioning that lift and drag forces are strongly dependent on Reynolds number and the
lift provided by the rotational flow. Integrating the axial (Eq. 3.4.8) and tangential (Eq.
3.4.9) forces of all the blade elements along the blade span will lead to the calculation of

the overall blade performance.
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Figure 3.4.4.: Forces acting on each blade element [43].

dF,, = dLcos¢ + dDsing (3.4.8)

dF't = dLsing + dDcos¢ (3.4.9)

Multiplying the result of Equations 3.4.8 and 3.4.9 by the number of blades (B), a
set of equations for the local axial and tangential forces are obtained. Rearranging them
with Equations 3.4.6 and 3.4.7 will allow users to calculate the angle of attack.

Further information regarding the blade design procedure can be consulted in [41], and
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the full development of the BEM equations along with the iterative procedure to obtain

the angle of attack and subsequently solving the equations can be reviewed in [43].

BEM theory does have many limitations. The BEM method described before requires

necessary corrections. The most important ones are:

(1) Prandtl’s tip loss effect: This correction accounts for the fact that the tip exper-
iments less aerodynamic load that the rest of the blade since the airflow tends to

flow around the tip of the blade from the lower to the upper side (Figure 3.4.5).

Figure 3.4.5.: Blade-tip vortices showing the swirling wake that trails downwind from an
operating wind turbine [44].

(2) The Glauert correction (Figure 3.4.6): It extends the validity of BEM theory to

induction factors greater than 0.4.
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Figure 3.4.6.: Glauert correction [45].

(3) Dynamic wake effect: It comprises adding the required time lag to allow variation
of the induction factor when there is a change in wind velocity, rotor speed, or

blade pitch. It is related to the shedding and downstream convection of vorticity.

(4) Dynamic stall (Figure 3.4.7): Due to the dynamic wind field, the flow may be
suddenly attached, detached, and reattached to the blade changing the value of the
drag and lift coefficients experienced by the blades. The dynamic stall correction
takes into account a lift coefficient significantly higher than the maximum in steady-

state conditions.
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Figure 3.4.7.: Dynamic stall of an aerofoil while varying the angle of attack [46].

(5) Tower shadow effect (Figure 3.4.8): It is the consequence of the wind flow travelling

around the tower.
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(a) Axial velocity. (b) Vorticity.

Figure 3.4.8.: Snapshot of the axial velocity and vorticity for a tubular tower configura-
tion and the 80% radius blade section showing the shadow effect [47].

There are many other aerodynamic aspects to consider when designing a WT, e.g.
during extreme wind velocity events, the drag exerted by the wind on the tower can be

significant.

The Generalised Dynamic Wake (GDM) is an alternative method to overcome the
issue explained in point 3 above (see Figure3.4.2). It is an acceleration potential method,
based on a potential flow solution to Laplace equations. This method improves BEM

since includes inherent calculation of the wake.
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Figure 3.4.9.: Generator power output response versus GDW and BEM models [48|.

3.5. Integrated analysis (aero-servo-elastic) of the

Levenmouth WT

The ORE Catapult’s TMW foreshore wind turbine is a demonstration wind turbine dedi-
cated to research. It enables testing, verification and validation of future technologies that
will help to improve reliability and performance for the next generation of offshore wind
turbines. ORE Catapult is working on a project to virtualise their Levenmouth wind
turbine. The project’s objective is to create a digital ‘Clone of the Levenmouth Wind
Turbine’ (CLOWT) following the recommendations of the IEC 61400-1 and 61400-3 stan-
dards. It involves setting up and validating aero-hydro-servo-elastic numerical models
for enhanced use of monitoring instrumentation.

The overall aim is to advance the industry’s understanding of how large megawatt
turbines behave and to identify cost reduction opportunities through design optimisation
[49]. This Section is the starting point of this more comprehensive turbine virtualisation

project. The aim is to set up an aeroelastic model of the Levenmouth wind turbine and
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calculating the Levenmouth wind turbine interface loads using open-source code. The
controller set up is out of the scope.

The analysis conducted with NREL FAST v8.16.00a-bjj is verified with the turbine
technical specifications and the available Original Equipment Manufacturer (OEM) phys-
ical testing. The analysis is also compared to the commissioning results.

The definition of commissioning covers all activities after all components of the wind
turbine are installed. Hence, it comprises all the testing leading to the operational stage.
It is the most reliable information on the operation of the wind turbine, besides Supervi-
sory Control And Data Acquisition (SCADA) data. GH Bladed, the industry aero-elastic
standard modelling tool, was used during the commissioning of the Levenmouth turbine.

It should be noted that a considerable part of the data presented in this Section is

either normalised or given without magnitudes to protect proprietary information.

3.6. The NREL FAST simulation tool

NREL FAST [50] is a glue code that uses the results of several pre-processors (e.g.
BModes, IECWind, TurbSim and ModeShapePolyFitting), and combines them within
several simulations (e.g., ElastoDyn, BeamDyn, InflowWind, AeroDyn, ServoDyn, and
SubDyn).

The pre-processors are tools designed for helping to create aero-elastic models. They
produce relevant information needed to feed the simulation tools. BModes is a finite-
element code that provides coupled modes for a turbine blade or a tower [51]. IECWind is
a utility program used to create wind files that model the extreme conditions outlined in
IEC 61400-1 and IEC 61400-3 for AeroDyn-based programs [52]|. TurbSim is a stochastic,
full-field, turbulent-wind simulator using a statistical model to generate time series of
three-component wind speed for AeroDyn-based codes such as NREL FAST [53]. Finally,

ModeShapePolyFitting is a spreadsheet capable of producing polynomial coefficients for
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mode shapes given BModes results.

NREL FAST couples results from different simulations. ElastoDyn is a dynamic struc-
tural model able to model the rotor, drivetrain, nacelle, tower, and platform. It computes
displacement, velocities, accelerations and reactions from the acting loads taking into ac-
count the controller and the substructure reactions. In this research work, ElastoDyn
is used to model the blades until the BeamDyn simulator is implemented. BeamDyn is
an improved time-domain structural-dynamics module to analyse beams that are made
of composite materials, initially curved and twisted, and subject to large displacement
and rotation deformations [54]. InflowWind is a module for processing wind-inflow data
coming from TECWind or TurbSim pre-processors. AeroDyn is a time-domain module
that computes aerodynamic loads of horizontal axis wind turbines [55]. ServoDyn is a
control and electrical drive model for blade pitch, generator torque, nacelle yaw, high-
speed shaft brake and blade tip brake [56]. HydroDyn deals with the hydrodynamic
loading. However, if FAST-OrcaFlex Interface is used, all hydrodynamic and mooring
loads will be computed using OrcaFlex [57]. SubDyn is a structural dynamics module

for simulating multi-member substructures [58].

3.7. Numerical model description

The system modelled includes three blades, hub, drivetrain, gearbox, generator, nacelle,
tower and a jacket substructure. The numerical model accounts for the flexibility of
the blades, drivetrain, tower and jacket substructure. Meanwhile, the hub, gearbox,
generator, and nacelle are assumed to be rigid bodies. The main undistributed properties

of the Levenmouth turbine are given in Figure 3.7.1.
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h
Wind Class TIEC Class 1A
Rotor diameter 1712 m
Capacity 7 MW
@ Hub height 110.6 m
® |E Blade length 83.5m
{ Generator Medium (3.3kV), PMG
Converter Full power conversion
[_ :3—9 m Drivetrain 400 rpm
Rated frequency 50 Hz
am Rotor speed 5.9-10.6 rpm
# Nacellewidth Wind speed 35-_25ms!
e Rated wind speed 10.9 ms'!
Design life 25 years
Certification DNV
Control System
*  Independent and collective pitch
control modes
e Active drive train damping
Active load control
Blade load monitoring

Figure 3.7.1.: Main undistributed properties of the Levenmouth turbine [59].

The workflow to set up an NREL FAST model is shown in Figure 3.7.2. It consists of
the generation of several input files that are going to be called sequentially by FAST. The
input files may contain distributed and/or undistributed properties, section properties

files (for tower, blades and airfoils), airfoil coordinate records and a controller parameter.

FAST
| Primary input file]

[ [ [ [

m AeroDyn m servebyn m
_Input file\ Input file Input file Input file Input file|

Bmodes (tower) Airfoil parameters| Blade
Input file and tower Input files and blade Section properties and Aerodynamic Input file DLL file Geometry and

section properties section properties airfoil coordinates parameters, mechanical properties

Figure 3.7.2.: NREL FAST simulation workflow.
As stated before, the input parameters and properties are not going to be disclosed

to protect proprietary information. However, normalised graphics or graphics without

magnitude are shown in Figure 3.7.3, illustrating the most characteristic distributed
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properties of blades and tower.
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(b) Mechanical properties of the blades.

Figure 3.7.3.: Distributed properties of the Levenmouth WT.
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Figure 3.7.3.: Distributed properties of the Levenmouth WT.
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Figure 3.7.3.: Distributed properties of the Levenmouth WT.
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3.7.1. Wind

InflowWind manages IECWind and TurbSim wind files to be used by NREL FAST.
IECWind and TurbSim simulate non-turbulent and turbulent wind files depending on
the design load case (DLC) to be simulated. IECWind and TurbSim meet the conditions
outlined in IEC 61400-1 and IEC 61400-3 standards. Steady winds ranging from V;, to
Vour and severe storm wind conditions with and without yaw error were simulated to
produce the required inputs for the initial stability analysis. The DLCs considered to
perform the aeroelastic analysis of the dynamic loads of the Levenmouth WT are listed

in Table 3.1.

The study consists of ninety simulations distributed among the DLCs presented in
Table 3.1. Regarding simulation-length requirements, it is important to allow enough
initial simulation time to eliminate start-up transients, e.g. 50-100 s. However, it has
been demonstrated that the length of the wind file does not affect the loads predicted
if the total simulation time remains constant (10 minutes at the shortest). Thus, a
larger number of shorter simulations lead to similar results as fewer number of longer

simulations, provided that the total simulation time is comparable [60].

Further explanation of the different DLCs considered in this study, will be provided in
the results section while analysing the outputs. The most sensitive parameters to set up
in TurbSim are the ones related to the wind grid. Table 2 shows the selected parameters
for the present study. Complete information regarding the wind conditions, faults and

grid loss conditions can be found in the IEC 61400-1 [61] and IEC 61400-3 [62] standards.
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Table 3.1.: DLCs considered in this study.
DLC Wind Condition Wind Speed Grid loss

1.1a Viated+2
1.1b NIMo v
Power production {1, Vsated.2 No
1.3a Viated+2
1.3b EIM Vi
1.3c Viated-2
2.2a Vrated+2
2.2b NIMo v
PP + Fault 99, Viatedos
2.3a Virated+2
2.3b EOG Viated Yes
2.3c Viated-2
4.2a Vrated+2
Normal shut down H EOG W
4.2¢ Viated 2
61 V10min,50-yr
Parked 6.2 EWM i
6.3 V 10min,1-yr

Table 3.2.: Grid parameters used in TurbSim to generate the turbulent wind files.

NumGrid _Z (-) 41
NumGrid_Y (-) 41
GridHeight (m) 181
GridWidth (m) 181
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3.7.2. Aerodynamics

AeroDyn v15.03.00 is the aerodynamics simulator used in NREL FAST. The aerody-
namics is the most significant model uncertainty, and it is based on the Blade Element
Momentum (BEM) theory. The AeroDyn module requires information regarding the
aerofoils, the aerodynamic properties of the blades and the aerodynamic influence of the
tower. The aerofoils must be defined in terms of aerodynamic constants and coordinates

of the aerofoil shape.

3.7.3. Blades/tower

Within the NREL FAST environment, both blades and tower are considered as cantilever
beams. The BModes pre-processor is used to calculate the rotating blade frequencies and
the flap (fore-aft) and lag (side-to-side) blades (and tower) mode shapes. The calculated
mode shapes are fitted into the ElastoDyn structural simulator by using a sixth-order
polynomial. The ModeShapePolyFitting spreadsheet fits BModes mode shapes given
deflection data along a flexible non-cantilevered beam. ModeShapePolyFitting offers
three different methods to calculate the polynomial. The Projection method has been
chosen among the ‘Direct’ and the ‘Improved Direct’ methods because a broader range
of factors can be specified (i.e. slope and deflection at the bottom of the beam, and a
y-scaling factor) to perform the calculation. BModes provides the slope and deflection at
the bottom of the beam, and the suggested y-scaling factors were used so that the ratio
of the deflection to the beam length corresponds to the exact ratio for a deflected beam

[63].

3.7.4. Controller

ServoDyn deals with the control of the machine. The Levenmouth NREL FAST model
employs an open-source Bladed-style Dynamic-Link Library (DLL) controller developed

at Danmarks Tekniske Universitet (DTU). The DTU controller benefits from a user-
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3. Numerical methods for aeroelastic analysis of wind turbines

friendly input file allowing the adequate configuration of the controller [64]. The data
used in the controller input file is subjected to confidentiality and hence, is not going to

be disclosed in this thesis.

3.7.5. Substructure

The jacket substructure has been defined as a multimember structure from the bottom
of the transition piece to the top of the pin piles. Therefore, joint positions, members’
connectivity, and physical properties of the members must be introduced in SubDyn.
The thickness and physical properties of the cylindrical members, which make up the
substructure are confidential information and are not disclosed in this study. However,

the top and side view of the joint position distribution is presented in Figure 3.7.4.

.. - -. . ®
S .
» ®
L) * e
L ] [ ] L ] L L
o 5 P . .
8 .
(a) Top view. (b) Side view.

Figure 3.7.4.: Views of the joint position in the jacket substructure.

3.7.6. Known model differences

Although an attempt was made to replicate the conditions used in the commissioning
model accurately, there are significant differences regarding both the aero-elastic code

and the simulation itself:
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(1)

Numerical model description

The structural analysis method used in GH Bladed is a combined modal and FEM

approach, whereas NREL FAST uses a combined modal and MBS formulation.

Aero-elastic theories used by NREL FAST and GH Bladed are different. There-
fore, differences are expected between the codes’ outputs, e.g. FAST calculates
aerodynamic forces orthogonal to the deflected blade, whereas GH Bladed calcu-

lates aerodynamic forces orthogonal to the undeflected blade regardless of deflection

[65].

Differing model aerodynamic loads discretisation’s lead to differences among the

code predictions [65].

Due to IP issues, the controller used in the NREL FAST model is not the one used

by the commissioning model.

The substructure modelled in this study presents several differences with the sub-
structure modelled in the commissioning ressults. It is 150 tons lighter (Figure
3.7.5), presents a third of the heigth, and the members are thicker when compared
with the commisioning setup. As a consequence of these differnces a mismatch
between forces and moments forecasted for both systems is expected. Accepted the
possible differences in terms of responses, the comparison between the results of this
study and the commisioning results allows as to to undestand how this differences

are translated into system responses.
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(b) Commissioning model.

(a) Levenmouth WT.
Figure 3.7.5.: Different substructures.

(6) The coordinate axes are different in both aero-elastic codes. The X-direction in

NREL FAST corresponds to Y in GH Bladed, the Y to Z, and the Z to X (Figure

3.7.6).
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FAST Z
Bladed Z
FAST X
Bladed Y

Figure 3.7.6.: Coordinate systems for NREL FAST and GH Bladed.

Existing literature has carried out FAST studies predominantly using reference tur-
bines (e.g. NREL-5MW, DTU-10MW) instead of real prototype or commercial turbines.
This Chapter presents the results for the Levenmouth wind turbine, a real, operating
demonstration wind turbine. The study reported in this Chapter explores and simulates
the critical loads for the turbine, which will be very valuable validation case for industrial
and academic use. Moreover, the Levenmouth wind turbine exhibits a new generation
of extremely flexible blades that conflict with the previous approaches used by most

common aero-elastic codes and makes this simulation a challenge.
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3.8. Results

The coupled eigenfrequencies of the tower and the substructure subsystems, and the

blade and tower mode shapes calculated by BModes pre-processor are presented in Table
3.3 and Figure 3.8.1, respectively.

Table 3.3.: Coupled tower and substructure eigenfrequencies for the Levenmouth wind

turbine.
Mode number Tower (Hz) Substructure (Hz)
1st 0.3675 0.7896
2nd 0.3918 0.7896
3rd 1.6466 0.8166
1.04
0.8 ’
: |
S 06+ N
© N \
O [
3 \
= Ny / |——Flap 1st mode
&8 sl - Flap 2nd mode
1) \\ // --------- Lag 1st mode
02 ) — Side-to-side 1st mode
S N— Fore-aft 1st mode
S R — Side-to-side 2nd mode

. r .
Deflection (m)

Figure 3.8.1.: Blade and tower mode shapes calculated by BModes pre-processor.

Next subsections present selected results of the DLCs shown in Table 3.1. To build

summary and comparison tables, the results of the simulations were averaged over five

different realisations corresponding to different seeds.
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Results

3.8.1. DLC1.1b

The first DLC considered to check the dynamic behaviour is a regular power production
DLC1. DLC1.1b presents the dynamic behaviour of the WT during power production
using a Normal Turbulence Model (NTM) at rated velocity and active turbine control.
DLC1.1 shows the genuine behaviour of the pitch control, increasing pitch angle when
the wind speed is higher and reducing it when the wind moderates. As stated before,
further information regarding the DLC conditions can be found in the IEC 61400-1 [61]
and IEC 61400-3 [62] standards. Figure 3.8.2 shows the results of the simulation for DLC
1.1b.
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(b) Generator speed (rpm) and torque (kN), and generated power (kW).

Figure 3.8.2.: DLC1.1b results.
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Figure 3.8.2.: DLC1.1b results.
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As expected, the rotor speed (RotSpeed) is strongly linked to the wind speed as shown
in Figure 3.8.2a. Both are also linked the generator speed (GenSpeed), the generator
torque (GenTq) and the generated power (GenPwr) depicted in Figure 3.8.2b. Figure
3.8.2¢ shows the forces and Figure 3.8.2d presents the moments for the DLC1.1b. The
tower base force in the X-direction (TwrBsFxt) shown in Figure 3.8.2c is the primary
effect of the wind over the structure, and the force in the Y-direction (TwrBsFyt) is resid-
ual since the wind speed in the X-direction (Wind1VelX) is larger than in Y-direction
(Wind1VelY). The tower base force in the Z-direction (TwrBsFzt) is the larger in mag-
nitude because it is strongly influenced by the mass of the system. Tower base moments
(Figure 3.8.2d) exhibit the same behaviour shown in Figure 3.8.2¢, although in the Fig-
ure the larger magnitude corresponds to the Y-direction (TwrBsMyt) since this is the

moment related to tower base force in the X-direction.

3.8.2. DLC2.3b

Another characteristic structural response is shown in DLC2.3b, which is a power pro-
duction design situation. It implies non-turbulent wind at rated speed, with the worst
extreme operating gust (EOG) transient event expected in a 50-year recurrence period
combined with the occurrence of a fault in the electrical system, e.g. grid loss. The timing
of these two events was chosen to achieve the worst loading, i.e. tqrid Loss= tEOoG+2.45s.
The EOG wind condition is a sharp increase, i.e. 6.4 times the wind speed standard
deviation, and subsequent decrease of the wind speed occurring over a short time, i.e.
assumed to rise and fall over 14 seconds, while the turbine is in operation. In this situa-
tion, the turbine pitches the blades to feather, trying to reduce the loads. However, due
nature to the nature of the gust loads the control system may not be able to pitch the
blades quickly enough to avoid the extreme loading. Figure 3.8.3 presents the results of

the simulation.
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Figure 3.8.3.: DLC2.3b results.
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Figure 3.8.3.: DLC2.3b results.




Results

As depicted in Figure 3.8.3a, DLC 2.3 starts with regular power production under
non-turbulent wind until the EOG and grid loss events arise. Automatically, the blades
pitch to feather, i.e. pitch angle = 90 ", and the RotSpeed and the GenSpeed decrease
along with the GenTq and the GenPwr, as depicted in Figures 3.8.3a and 3.8.3b. The
wind speed in the three components and the RotSpeed are shown on the black axes,
whereas the blade pitch angle (BldPitchl) is shown on the blue one.

Figures3.8.3¢ and 3.8.3d present the forces and moments at the base of the tower,
respectively. TwrBsFxt, TwrBsFyt, and TwrBsFzt are the tower base fore-aft, side-to-
side, and axial force along the X, Y and Z-axes, whereas TwrBsMxt, TwrBsMyt, and
TwrBsMzt are the tower base roll, pitching, and yaw moment about the X, Y, and Z-axes.

Figure 3.8.3c shows TwrBsFxt and TwrBsFyt on the black axis and TwrBsFzt on the
blue axis. Again, TwrBsFxt is the primary effect of the wind over the structure, and
TwrBsFyt is residual. The simulation shows a quasi-static behaviour until the events
arise. After the events, the structure starts to oscillate freely without the restriction
imposed by the grid. It continues oscillating around the origin, i.e. 0kN, whereas the
other two components do not. The oscillation presents damped behaviour strongly related
to the dynamic characteristics of the system.

Figure 3.8.3d shows TwrBsMxt and TwrBsMzt on the black axis and TwrBsMyt on
the blue axis. The behaviour exhibited is similar to the one presented in Figure 3.8.3c,
although here the larger magnitude corresponds to TwrBsMyt since this is the moment
related to TwrBsFxt. Again, the oscillation pattern is the same shown for the forces, but
in this case, the moment oscillating around the origin is TwrBsMzt since it is related to

TwrBsFyt.

3.8.3. DLC6.2

To check the dynamic behaviour in extreme winds, the DLC6.2 condition has been chosen.

The parked standing still rotor design situation uses a 50-year return period turbulent
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EWM extreme wind model (EWM) combined with the loss of electrical network. The
DLC6.2 has a Vigmin,50-yr = 40% higher than the reference wind corresponding to 50ms!
[61, 62] for a Class I wind turbine. Figure 3.8.4 shows the results of the simulation for
DLC6.2.
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(a) Wind speed (m/s), blade pitch (deg), and rotor speed (rpm).
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(b) Generator speed (rpm) and torque (kN), and generated power (kW).

Figure 3.8.4.: DLC6.2 results.
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Figure 3.8.4c presents the three wind speeds, the RotSpeed, and the blade pitch an-
gle. Wind1VelY, Wind1VelZ, and RotSpeed are projected on the black axis, whereas
Wind1VelX and BldPitchl on the blue one. Again, the magnitude of Wind1VelX is
larger than Wind1VelY and Wind1VelZ, which will determine forces (Figure 3.8.4c) and
moments (Figure 3.8.4d) as explained before. It is worth stating that the whole simulation
elapses with the blades pitched to feather (Figure 3.8.4a) because of the high-speed wind
and the action of the control system. Consequently, RotSpeed (Figure 3.8.4a, GenSpeed
and GenPwr (Figure 3.8.4b) remain with low values. Figure 3.8.4b shows GenSpeed on
the black axis, whereas GenTq and GenPwr to the blue axis. Figures 3.8.4c and 3.8.4d
show the tower base forces and moments. The behaviour of forces and moments is the
same as in DLC2.3b. Again, TwrBsMzt is the moment oscillating around the origin since
it is related to TwrBsFyt. Forces and moments are high, but not as much as could be
inferred from the wind speed since the control system is acting by pitching blades to

feather which reduces the loads noticeably.

3.8.4. Summary of loads

Table 3.4 shows the ultimate limit state load-matrix summarising the maximum forces
and moments from all the simulations listed in Table 3.1. The elements on the diagonal
of the matrix represent the worse situation possible regarding loading, even though the
actual combination of loads never occur in a single simulation. Each of the elements on
the diagonal is maximum or minimum coming from a simulation based on one of the DLCs
shown in Table 1, e.g. 42,625 kNm is the maximum moment in the X-direction, and it
occurs under DLC6.2. It is important to note that the values shown in Table 6 are already
factorised using the suggested Safety Factor (SF) in [61, 62]. The values accompanying a
maximum or a minimum in the same row are the contemporary load results coming from
the same simulation, e.g. 15,345 kNm is the moment in the Y-direction contemporary to

the simulation DLC6.2 that has produced the maximum located in the diagonal.
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On the other hand, the values accompanying a maximum or a minimum in the same
column are moments or forces in the same direction but coming from different simulations,

e.g. 23573kNm is a moment in the X-direction, but it comes from DLC2.2c.

Table 3.4.: Load-matrix for the Levenmouth wind turbine.

DLC SF Mx My Mz Fx Fy Fz
() () (kNm)  (kNm)  (kNm) (kN)  (kN)  (kN)
Mx Max DLC6.2 1.10 42625 15345 -226 653  -543  -8689

Mx Min DLC6.2 1.10 -40689 34122 -3832 985 018 -8701

My Max DLC2.2c¢ 1.10 23573 149050 1166 1745  -275  -9050

My Min DLC23b 1.10 10315 -248270 -8159  -2522 -103  -9022

Mz Max DLC1.3b 1.35 14540 79582 19062 1033 99 -11155

Mz Min DLC1.3b 1.35 10500 77125 -19346 1018  -153  -11069

Fx Max DLC1.3c 135 -5107 177795 11883 2430 191  -11356

Fx Min DLC23b 1.10 10315  -248270 -8159  -2522 -103  -9022

Fy Max DLC6.2 1.10 -40678 34738 -4039 996 527  -8686

Fy Min DLC6.2 1.10 42625 15345 -226 653 -543  -8689

Fz Max DLC6.2 1.10 -999 33319 -619 852 20 -8514

Fz Min DLC1.3c 1.35 341 146610 3237 1898 135 -11421

3.9. Verification

The NREL FAST code has been verified in the IEA Wind tasks 23 [66] and 30 [67], but
case-by-case verification is needed here. Table 3.5 shows a comparison between the GH
Bladed reference values and the eigenfrequencies resulting from BModes to model the
mode shape of the blades. The first and second calculated flapwise modes of the blades
agree with the referenced values to within 2.1% and 1.7% respectively. The first and
second calculated edgewise modes were off by 1.4% and 1.1% respectively. The modes

were not tuned.
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Table 3.5.: Normalised blade eigenfrequencies comparison.

NREL FAST GH Bladed Reference

First Flapwise 0.979 1
Second Flapwise 0.983 1
First Edgewise 0.986 1
Second Edgewise 0.989 1

Since NREL FAST and GH Bladed use a different methodology to calculate tower
eigenfrequencies, no further comparison regarding them is presented in this study. Table
3.6 shows a comparison of the mass and dimensional properties calculated by NREL

FAST versus the turbine technical specifications.

Table 3.6.: Comparison of the calculated and reference normalised mass and dimensional

properties.
NREL FAST Calculated GH Bladed Reference
Hub-Height 1.004 1
Flexible Tower Length 0.916 1
Flexible Blade Length 0.997 1
Rotor Mass 0.985 1
Rotor Inertia 1.037 1
Blade Mass 0.973 1
Blade First Mass Moment 1.040 1
Blade Second Mass Moment 1.038 1
Blade Centre of Mass 1.034 1
Tower-top Mass 0.994 1
Tower Mass 1.009 1

The calculated values have shown an acceptable agreement with the commissioning
results. The most substantial deviation is found in the calculated flexible tower length,

which is off by 8.4%. This disagreement is due to a different definition of the transition
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piece in both codes.

3.10. Comparison with commissioning results

3.10.1. Steady-state

A comparison of the steady-state behaviour has been performed by running several sim-
ulations with different constant wind speeds ranging from 3 to 25 m/s.

Figure 3.10.1 shows the power curve and the thrust force. The power curve is in good
agreement until rated speed, but from there to cut-off speed NREL FAST underestimates
the electrical power by 10% when compared with GH Bladed results. NREL FAST thrust
force forecast is slightly overestimated on Region 2, getting better in Region 23, and

slightly underestimating on Region 3.

—— Electrical Power_FAST
—— Thrust Force_FAST

] /A — Electrical Power_Bladed
_ --------- Thrust Force_Bladed

. T T . T . T T T
0 5 10 15 20 25

Steady Wind Speed (m/s)

Figure 3.10.1.: Steady-state comparison, generated power and thrust force.

Figure 3.10.2 shows the pitch angle and the rotor speed steady-state behaviour.
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— Pitch Angle_FAST
—— Rotor Speed_FAST
————————— Pitch Angle_Bladed
————————— Rotor Speed_Bladed

0 ' 5 10 15 20 25
Steady Wind Speed (m/s)

Figure 3.10.2.: Steady-state comparison, pitch angle and rotor speed.

The pitch angle curve fits well when compared with the GH Bladed results. It starts
slightly off until Region 23. Once the rated speed has been reached, the results begin
to be closer to the commissioning ones. Rotor speed results are overestimated by NREL
FAST. The discrepancy increases as soon as the rated speed is reached, i.e. after Region

2.

Figure 3.10.3 shows the power coefficient versus the tip speed ratio comparison. NREL
FAST and GH Bladed match this curve satisfactorily, although the discrepancy is more
substantial at the beginning of Region 3. This behaviour changing between the regions
indicates that the inaccurate tuning of the filters of the controller is the primary cause

of the discrepancies.
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_ ——FAST
1 —— Bladed

Power Coefficient (-)

0 ' 5 10 15 20 25
Tip Speed Ratio (-)

Figure 3.10.3.: Steady-state comparison, power coefficient vs tip speed ratio.

3.10.2. Dynamic behaviour: DLC1.1b

The DLC1.1b shows a good agreement with the commissioning results. Even though it is
a complex DLC, the power production simulation reasonably matches the commissioning
results.

Figure 3.10.4a shows good agreement between the wind produced by NREL FAST and
the GH Bladed simulations. As stated previously, the controller used in the NREL FAST
simulation is not the same as that used by the commissioning simulation. Therefore, it
is expected that differences would be observed within the controller feature, i.e. pitch
angle, rotor speed, generator speed, generator torque, and generated electrical power.
The behaviour of the pitch and rotor speed (Figure 3.10.4b) shows acceptable conformity
regarding the commissioning results.

It is worth noting that the NREL-FAST overestimates the rotor speed. However,
the pitch angle results follow the same general trend than commissioning results. The

envelope of the blade pitch angle fits well with the commissioning results, but the in-
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herent differences regarding the calculation method and the controller lead to significant

statistical differences.

Figures 3.10.4¢ and 3.10.4d present the rest of the controller results. As expected, the
NREL-FAST simulation overestimates the generator speed since this is strongly linked
with the rotor speed. On the contrary, the generator torque and the generated power are

underestimated by the NREL-FAST simulation.

Since the model has been successfully verified and the wind field matches satisfactorily,
the more significant discrepancies regarding forces and moments must be related to the
differences in the substructure and transition piece definition, along with the differences

in calculation method and control.

Figures 3.10.5a and 3.10.5b show an acceptable matching regarding X and Y-axis
forces in the tower base. The discrepancy in the Z-axis (Figure3.10.5c) has its origin in
the different definition of the substructure, i.e. the NREL FAST substructure model is

150 tonnes less than the commissioning model.

The same observations made for the forces can be applied to the moments (Figures
3.10.5d, 3.10.5e and 3.10.5f). However, it must be noted that the tower base force in the
X-direction relates to the tower base moment in the Y-direction, the tower base force in
the Y-direction relates to the tower base moment in the X-direction, and only the tower

base force in the Z-direction relates directly to the tower base moment in the Z-direction.
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(b) Blade pitch (deg) and rotor speed (rpm).

Figure 3.10.4.: DLC1.1b results comparison.
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Figure 3.10.4.: DLC1.1b results comparison.
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coordinate system.

Figure 3.10.5.: Comparison of tower base forces and moments based in NREL FAST
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(d) Moment in X-direction (kNm).

Figure 3.10.5.: Comparison of tower base forces and moments based in NREL FAST
coordinate system.
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Figure 3.10.5.: Comparison of tower base forces and moments based in NREL FAST

coordinate system.
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Table 3.7 presents the statistical differences between the NREL FAST results and the

GH Bladed commissioning results for the DLC 1.1b.

Table 3.7.: Percentage differences between the NREL FAST results and the GH Bladed
commissioning results for the DLC1.1B.

Mean SD Minimum Maximum

Wind1VelX (ms!) 1.20  4.89 7.73 4.55
BldPitchl (°) 21.57 10.50 0.00 4.62
RotSpeed (rpm) 14.59 24.66 8.50 27.12
GenSpeed (rpm) 14.60  24.70 8.48 27.29
TwrBsFxt (kN) 1027 4438 12257 30.33
TwrBsFyt (kN)  40.09 1.26  43.80 74.55
TwrBsFzt (kN) 1580 952  15.08 17.99
TwrBsMxt (kNm) 26.08 1842  95.32 6.19
TwrBsMyt (kNm) 140 71.62  107.40 71.19
TwrBsMzt (kNm) 86.52 5.40 30.53 12.13
GenPwr (MW) 9071 14.84  29.80 5.77

There are small differences regarding the calculation method, i.e. TwrBsFxt, TwrB-
sMyt, acceptable differences regarding the functionality of the controller, i.e. BldPitchl,
and the differences regarding the different definition of the substructure. The differences
regarding the maximum and minimum values are the result of the combination of the
three factors explained before, along with the reduced number of simulations performed

for this study.

3.10.3. Dynamic behaviour: DLC2.3b

Figure 3.10.6 shows the comparison of the wind and control features, i.e. pitch angle,
rotor speed, generator speed, generator torque, and generated electrical power, between

the NREL FAST and the GH Bladed simulations for the DLC2.3b. Figure 3.10.6a shows

a good agreement between the wind speeds produced by both codes. The differences
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in the obtained data may stem from the differences within the controller feature, as
mentioned before. The behaviour of the pitch (Figure 3.10.6b) and rotor speed (Figure

3.10.6¢) shows acceptable conformity regarding the commissioning results.

_ —— FAST
. |—Bladed
|
T T T T T T T T T T
40 60 80 100 120 140
Time (s)
(a) Wind speed (m/s).
—— FAST
- —— Bladed
/
4
T T T T T T T T T T
40 60 80 100 120 140
Time (s)

(b) Blade pitch (deg).

Figure 3.10.6.: DLC2.3b results comparison based in NREL FAST coordinate system.
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(d) Generated power (kW).

Figure 3.10.6.: DLC2.3b results comparison based in NREL FAST coordinate system.
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Although the ramp-up pitch rate and the maximum pitch angle are not equal, the over-
all pitch operation is a close approximation to the commissioning data. On the contrary,
generator speed and generator torque (Figure 3.10.6¢) exhibit significant differences re-
garding the commissioning results, leading to generated electrical power differences, as
illustrated in Figure 3.10.6d.

The same comments made for the DLC1.1b regarding forces and moments can also be
applied in Figure 3.10.7. Therefore, the more significant discrepancies between the models
may be related to the differences in the substructure and transition piece definition, along
with the differences in calculation method and control.

The differences regarding the start of the oscillations in both simulations are related
to the different pitch rate (Figure 3.10.6b). The differences in the amplitude of the
oscillations (Figure 3.10.7a and 3.10.7b) are related to the different structural analysis
method. The discrepancy between TwrBsFzt and Tower Fx (Figure 3.10.7¢) has its origin
in the different definition of the substructure, i.e. the NREL FAST substructure model
is 150 tonnes less than the commissioning model.

Table 3.8 presents the statistical differences between the NREL FAST results and the

GH Bladed commissioning results for the DLC2.3b.

Table 3.8.: Percentage differences between the NREL FAST results and the GH bladed
commissioning results for the DLC2.3b.

Mean SD Minimum Maximum

Wind1VelX (ms?t) 029  5.71 2.64 3.84
BldPitchl (°) 16.96  9.47 0.00 1.52
TwrBsFxt (kN) 951 4459  51.87 42.54
TwrBsFyt (kN) 40.00 32.70  37.12 16.55
TwrBsFzt (kN) 15.87 24.42  15.76 16.54
TwrBsMxt (kNm) 24.89 24.82  13.26 5.60

(
TwrBsMyt (kNm)  7.64 55.08  57.56 56.41
TwrBsMzt (kNm) 242.18 25.14  52.14 124.74
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Figure 3.10.7.: DLC2.3b tower base force (kN) and moment (kNm) results comparison
based in NREL FAST coordinate system.
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Figure 3.10.7.: DLC2.3b tower base force (kN) and moment (kNm) results comparison
based in NREL FAST coordinate system.
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Figure 3.10.7.: DLC2.3b tower base force (kN) and moment (kNm) results comparison
based in NREL FAST coordinate system.
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3.10.4. Dynamic behaviour: DLC6.2

Regarding DLC6.2, Figures 3.10.8 and 3.10.9 show functional agreement on winds, pitch
angle, and tower base force on the X-axis (always referring to the NREL FAST coordinate

system).
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(a) Wind speed (mn/s).
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(b) Blade pitch angle (deg), rotor speed (rpm), and generator speed
(rpm).

Figure 3.10.8.: DLC6.2 results comparison based in NREL FAST coordinate system.
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Figure 3.10.8.: DLC6.2 results comparison based in NREL FAST coordinate system.

106



Comparison with commissioning results

This simulation exhibits rotor speeds close to zero. The tower base force on the Y-axis
presents a difference regarding amplitude. GH Bladed reports larger amplitudes than
FAST, and a shift in position, i.e. FAST oscillates above the Y-axis and GH Bladed
below. The simulation also confirms that FAST predicts higher generator speeds than
GH Bladed.

Figure 3.10.9a shows the same discrepancy pointed out in Figure 3.10.7c regarding the
tower base force. Since DLC6.2 does not use active control, there is no difference due
to the controller. The tower base moments on axes X (Figure 3.10.9b) and Z (Figure
3.10.9d) show how GH Bladed predicts higher amplitudes while on Y-axis, both codes

showed similar results.

—— FAST
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it |
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(a) Tower base forces (kN) in Z-direction. (b) Tower base moments (kNm) in X-direction.

Figure 3.10.9.: DLC6.2 Tower base force (kN) and moment (kNm) results comparison
based in NREL FAST coordinate system.
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Figure 3.10.9.: DLC6.2 Tower base force (kN) and moment (kNm) results comparison
based in NREL FAST coordinate system.
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Table 3.9 presents the statistical differences between the NREL FAST results and the

GH Bladed commissioning results for the DLC6.2.

Table 3.9.: Statistical differences between the NREL FAST results and the GH bladed

commissioning results for the DLC6.2.

Mean SD  Minimum Maximum
Wind1VelX (ms?t)  3.53 3.14 21.63 4.57
BldPitchl (°) 2.27 0.00 2.27 2.27
TwrBsFxt (kN) 27.55  3.68 114.04 11.95
TwrBsFyt (kN) 96.63 22.29 54.71 561.76
TwrBsFzt (kN) 15.98  46.39 16.37 14.99
TwrBsMxt (kNm)  96.26 21.42 742.32 55.25
TwrBsMyt (kNm) 14.41  6.35 16.66 10.17
TwrBsMzt (kNm) 127.25 40.18 194.07 74.70

The same comments made for the DLC1.1b and 2.3b regarding forces and moments

differences can also be applied in DLC6.2.

3.10.5. Overall dynamic behaviour

In order to compare the overall dynamic behaviour, Table 3.10 presents the statistical

differences between the NREL FAST results and the GH Bladed commissioning results

combining all results of the DLCs 1.1, 2.3, and 6.2 shown in Table 3.1. All the forces

have been transferred to the NREL FAST coordinate system for comparison purposes.
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Table 3.10.: Statistical differences between the results.
Mean SD Min Max
Wind1VelX (ms?) 1.67 4.58 10.67 4.32

BldPitchl () 13.60 6.66 0.76  2.80
RotSpeed (rpm)  10.20 63.88 7.90 21.30
GenSpeed (rpm) 10.20 63.88 7.89 21.43
TwrBsFxt (kN) 15.78 30.88 56.16 28.27
TwrBsFyt (kN 3891 18.75 45.21 21.76

)
TwrBsFzt (kN) 15.88 26.78 15.74 16.51
TwrBsMxt (kNm) 24.54 21.55 43.63 22.35
TwrBsMyt (kNm)  7.82 44.35 60.54 45.92
TwrBsMzt (kNm)  49.70 23.57 62.25 70.52
GenPwr (MW) 9.37 1212 28.86 5.75
GenTq (kNm) 18.44 38.62 35.86 27.35

The Levenmouth model shows good agreement with the commissioning results. The
discrepancies in the forces and moments are due to the different definitions of the transi-
tion piece and the substructure. Another reason is the controller used in the NREL FAST
simulation is not the same as that used by the commissioning simulation, as stated pre-
viously. The behaviour of the pitch angle and rotor speed for DLC1.1b shows acceptable
conformity (Figure 3.10.10) having into account that these results belong to the region
2%, where maximum discrepancies were found (Figure 3.10.1) with the commissioning

results.
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Figure 3.10.10.: DLC1.1b controller comparison, pitch angle (deg) and rotor speed (rpm).

The NREL-FAST model overestimates the rotor speed as well as the generator speed
whereas underestimating generator torque and the power produced. Since the nominal
values for rotor and generator speeds were correctly tuned, the differences must lie on

the controller.

A comprehensive investigation of the pitch angle results shows that they follow the
same general trend than commissioning results. The envelope of the blade pitch angle fits
well with the commissioning results, but the inherent differences regarding the controller
low-pass filters and gains, lead to significant statistical differences. Pitch mean values

are slightly off due to the higher frequency of the commissioning results.

Figure 3.10.11a shows a comparison between the overall results of the NREL FAST

simulation against the commissioning results. The discrepancies are within the expected
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ranges, and the more substantial differences are related to DLC6.2.

Those differences must be analysed within the framework established by Figure 3.10.11b,
which shows the discrepancies between the GH Bladed commissioning results in compar-
ison to the GH Bladed Prototype analysis. This is based on the Levenmouth Class 1A
conditions, i.e. a general Samsung S7.0-171 TMW wind turbine located in a given, but
unknown, offshore site with wind conditions assimilated to IEC wind class TA, in com-
parison to the Samsung S7.0-171 7MW erected in Levenmouth, with its specific wind

and sea state conditions.

Since this information is strictly confidential, a colour and pattern code has been used
for the comparison. Green with a vertical pattern means differences up to 10%; yellow
with a horizontal pattern means differences between 10% and 30%, and red with a crossed

pattern means differences higher than 30%.

The differences observed between the NREL FAST and the GH Bladed commissioning
load-matrixes are also related to the number of simulations executed. The commissioning
results are based on approximately 3,000 simulations, whereas the NREL FAST results
are based on 90 simulations for the whole set of DLCs. Each simulation uses wind
speeds created from different random seeds to produce variability. Indeed, increasing the
number of simulations/seeds will produce peak loads reducing the differences between
both load-matrices. GH Bladed commissioning load-matrix matches better with GH
Bladed Prototype Levenmouth Class 1A conditions load-matrix because they both are

based on thousands of simulations.
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Mx | Max | DLC6.2
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Fx Max DLC1.3¢
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Fy Min DLCe6.2
Fz Max | DLCe6.2
Fz Min DLC1.3¢

(a) NREL FAST VS GH Bladed.
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(b) GH Bladed vs GH Bladed prototype Levenmouth class 1A conditions.

Figure 3.10.11.: Load comparison.

3.11. Discussion and Conclusions

Accurate numerical models able to simulate the coupled dynamic response of realistic
multi-MW turbines are needed to produce realistic load predictions.

The NREL FAST model developed during this study is stable and demonstrates reliable
results. Hence, this model is an appropriate first step towards the virtualisation of

the Levenmouth wind turbine, and the results obtained are valid to be used for loads
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calculation in the initial stability analysis.

There is a concern regarding the tower base force in the Y-direction and tower base
moment in the X-direction since the NREL FAST simulated values are very low compared
to the commissioning results. The discrepancies between NREL FAST and GH Bladed
results are related with the different approach used by the codes to calculate the loads, the
different controllers used during the simulations, and differences regarding the definition
of the systems, e.g. transition piece, substructure.

Because both codes show significant differences, these should be compared to SCADA
data coming from the turbine to validate them.

Since the Levenmouth wind turbine has very flexible blades and NREL FAST ignores
axial, and torsion Degrees of Freedom (DoFs), the use of BModes helps to overcome these
limitations partially by implicitly accounting for these constraints [31].

Open-source coupled models like NREL FAST provide superior flexibility compared
with commercial software, allowing the users to modify the code as appropriate. Since
NREL FAST has been widely validated in the IEA Wind tasks 23 and 30 [66, 67], that

makes it a suitable tool to virtualise wind turbines.

3.12. Recommendations

To improve the NREL FAST simulation of the Levenmouth wind turbine, the following

future enhancements have been identified:

e The implementation of the simulator BeamDyn instead of ElastoDyn has the po-
tential to improve the accuracy of the results. BeamDyn uses a nonlinear geometri-
cally exact beam spectral FE blade theory which improves the structural dynamics
results compared to ElastoDyn when used to model beams made of composite ma-
terials, initially curved and twisted, and subject to large displacement and rotation

deformations such as this of the Levenmouth turbine blades.
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e A deeper understanding of the controller operation is needed to develop more ac-
curate filters leading to more accurate and precise simulations. The development
of a re-tuned 64-bit controller will help to provide more stability to the simulations

until the IP issues that prevent the use of the original controller are resolved.

e The addition of a hydrodynamic model will make the simulation more useful since
it will allow forecasting the coupled behaviour of the system with different offshore

substructures.
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4. Baseline design

4.1. Introduction

This Chapter presents how the preliminary design of the Deep Turbine Installation-
Floating (DTI-F) substructure and seakeeping system were conducted. The Chapter
explains the existent relationships within the system leading to the principal dimensions
of the substructure and mooring lines properties.

As explained in Section 1.5, the DTI-F is inspired in the design of the DTI-80F devel-
oped by Concrete Marine Solutions Ltd and QED Naval Ltd |22|. Therefore, it inherited
the unique capability of raising and lowering the tower and nacelle set to simplify con-
struction, installation, maintenance, and decommissioning. However, the DTI-F was
designed as a hybrid structure with a frustum base built in steel and the main support
column built with precast modular concrete sections whilst the DTI-F is a 100% modular
concrete structure. Moreover, the original substructure had 80 metres of draft whereas
the goal for the DTI-F is to reduce the draft up to approximately 60 metres. There-
fore, the weights, volumes, and waterplane area for the new concept are expected to be

different.

4.2. Parametric design

As any spar buoy-based FOWT concept, the DTI-F should meet a set of constraints.

The buoyancy of the system must counter the mass of the tower and nacelle set plus the
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own weight of the substructure. Therefore, enough void space must be allocated in the
substructure to maintain the system afloat. This constraint is called floatability.
Another important constraint is the static intact stability. A floating substructure
must have enough static stability to withstand the loads from the wind, waves, and
the different operations, e.g. towing loads. The static stability of the floating body is

determined by different factors:

e The difference between the vertical level of the metacentre and the centre of gravity
(CoG), i.e. the metacentre height (GM) which must be bigger than one. This is

the main requirement in terms of static stability for a spar-type FOW'T.

e Even though this is not a requirement for a spar-type FOWT, it was agreed that
the area under the righting moment shall be equal or greater than 130% of the area

under the wind heeling moment previously calculated with NREL FAST.

e The maximum angle of inclination due to thrust steady loads of a constant wind
at rated wind speed. Although this is only a guideline, the FOW'T design shall aim
to have a maximum angle of inclination of 4.5 degrees. Setting a maximum angle

of inclination will provide the minimum total stiffness of the floating substructure.

Other constraints include fulfilling natural periods requirements, nacelle acceleration cri-
teria, and setup a maximum heave and floater excursion. Regarding natural periods, in
order to avoid resonant effects, the structure and the mooring system are designed in such
a way that their resonant frequencies are shifted outside of the linear wave excitation
range. To avoid possible couplings between inclinations and heave motions shift away
their natural frequencies is also recommended. As a guideline, the nacelle acceleration
shall be lower than 0.3 the acceleration of the gravity.

More constraints are imposed for damaged stability, towing operations, and dynamic

stability but those are not going to be further discussed in this study.
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Besides, the floating cylinder within the DTI-F must counteract the weight of the
tower and nacelle set to enable its lifting process. In addition to that, the DTI-F needs
a specific amount of ballast water for raising the tower and nacelle. Since any change in
diameter or ballast will affect the total mass, an iterative process is needed to find all
the appropriate parameters, i.e. substructure dimensions, floating cylinder dimensions,
and amount of concrete and water ballast, that make the system fully-functional while

fulfilling the above-mentioned constraints among others.

The spar diameter is one of the more significative parameters to consider while de-
signing a spar-type FOW'T. Small variations on the spar diameter induce remarkable
differences in the total mass, and therefore affects the draft and the GM. Figure 4.2.1

presents the variation in draft, GM, and mass due to changes in spar diameter.

In summary, the floating system must be designed using a parametric approach. There-
fore, a preliminary parametric design tool was employed to parametrise all the substruc-
ture dimensions while at the same time, volumes, masses and mass properties, and an
early estimation of the main hydrostatic and hydrodynamic features of the floating sys-

tem were calculated ensuring that all the above-mentioned constraints are met.

It is worth to state that the parametric tool developed in this study tackles the sub-
structure dimensions, the position of the GM, the maximum angle of inclination and
therefore the required stiffness, and the calculation of natural periods. The maximum
heave, floater excursions and nacelle accelerations will be calculated using coupled sim-
ulations and the damaged stability and the stability during towing operations will be

investigated by a third party and therefore are not going to be further discussed.
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Figure 4.2.1.: Variation draft, GM, mass, and mean inclination at rated thrust due to
spar diameter variation.

Another relevant parameter considered in the calculations was the wall thickness (Fig-
ure 4.2.2).The wall thickness is paramount regarding the structural constraints. The
selection of the wall thickness was based on a structural analysis performed externally.
The goal of the structural analysis was ensuring that the loads during operation, trans-
port, and installation due to all external actions can be withstood by the structure. It
implies the verification of bending, shear, torsion, and maximum crack width.

The parametric design tool also accounts for the weight of the suspended part of the
mooring lines, the floating cylinder dimensions and the amount of water ballast needed to
be able to raise the tower. After a few iterations, the outcome of the parametric design
tool provides optimal results, defining shapes and dimensions fulfilling the functional

requirements included in floating structures recommended practices [68]
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Figure 4.2.2.: Equilibrium position of the substructure for a given design with different
wall thicknesses.

Three different catenary mooring configurations were proposed as depicted in Figure
4.2.3 and each of these configurations was considered during this early stage of devel-
opment. Three lines distributed at 120 degrees were initially considered. Due to the
concern regarding yaw motions, another three mooring lines configuration with a delta
connection and four mooring lines distributed at 90 degrees configuration were also pro-
posed. Keeping the natural periods of the floating system away from the resonance and

controlling the global motions are the main design criteria considered.
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Figure 4.2.3.: Proposed mooring layouts.

The mooring line was designed to be in operation for the duration of the FOWT
design life without replacement due to strength, fatigue, corrosion or abrasion issues. The
final mooring line design consists of chains with three sections with different equivalent

diameters, weight per length, and axial stiffness as shown in Figure 4.2.4.

Figure 4.2.4.: Mooring design with three different sections highlighted in red, yellow, and
green.

The load capacity of an anchor system depends on the interaction between the anchor-
ing system and the seabed material. Two different anchoring systems have been proposed
for the seakeeping of the DTI-F concept, i.e. gravity base and drag-embedded anchors.
More sophisticated anchoring systems like suctions anchors or plates are more complex

in terms of installation, and their costs are higher than well-established technologies like
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drag anchors. Therefore, thirteen tonnes of nominal weight drag anchors were selected

for the DTI-F system.

4.3. Concept dimensions

The DTI-F concept is a hybrid spar buoy-based floating offshore substructure designed
and developed by Floating Wind Turbines (FWT) Ltd. It consists of two cylindrical and
concentric walls joined by stiffener walls, a frustum, another wider base cylinder, and a
heave plate.

The heave plate is the easiest solution to increase the weight in the lower part of the
substructure while improving the heave motion by increasing the viscous damping. Other
solutions such as hanging weights, truss sections or multi-heave plates structures are not
going to be discussed in this work. The most relevant parameter regarding the heave
plate performance is the ratio between the diameter of the heave plate and the main
support column of the spar buoy.

Many studies [69, 70| suggest a ratio of around 2.84. Considering the added mass
required to achieve the target in terms of heave natural period, in this study this value
was reduced to 2.67.

The outer structure (a) is composed of a 15 m diameter cylinder that increases up to
30 m in diameter by means of a frustum-cone type structure, as depicted in Figure 4.3.1.
Below the wider cylinder, there is a 40 m diameter water-entrapment heave plate that
provides the required added mass to the floater.

The inner structure of the floater is composed of another hollow cylinder (b), 7 m in
diameter. This hollow cylinder goes from the draft line to the bottom of the structure.
The space between the two cylinders at the top (c) provides the necessary buoyancy to
the floater. The void space in the wider cylinder at the bottom (d) is used to store the

ballast water. This deposit, i.e. the wider cylinder, has different sealed tanks and stiffener
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walls for structural reinforcement. Both the inner and wider cylinders are connected at
the bottom end of the floater, allowing the tower and nacelle set to be raised and lowered
down within the inner cylinder by flooding them using the ballast water (Figure 4.3.2).
A 30 m height flotation cylinder, designed to counteract the weight of the tower and
the nacelle, is installed at the bottom of the tower. This flotation cylinder is a critical

component that allows both the tower and nacelle to float.
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(a) Floater. (b) Complete system.

Figure 4.3.1.: DTI-F with dimensions in metres.

124



Concept dimensions

An active ballast system transfers water from the wider cylinder to the inner hollow
cylinder to float the tower and nacelle set, allowing it to be raised and lowered, avoid-
ing the use of expensive cranes during installation, maintenance and decommissioning
processes.

The substructure has four boat landing areas, serviced by two remotely controlled lifts,
ensuring at least one sheltered access point regardless of the wave direction.

A total of 553 m2 of deck space, located 20 m above the sea-level to avoid splashing
waves, will give access to the facilities located within the substructure. It includes eleva-
tor accesses, a workshop, machinery rooms, structural tendons inspection access space,

winches control room, IT, and communications space among others.

111 )

Figure 4.3.2.: Raising mechanism sequence using the flotation cylinder along with the
ballast water to float the tower and nacelle set. Adapted from [22].

Each mooring line contains three different sections of 750, 550 and 165 kg/m respec-
tively. Besides, 3 tonnes drag anchors were adopted to restrain the excursion of the
floating system.

The floating substructure was designed to carry a standard 7 MW offshore wind tur-
bine. However, the initial design is flexible allowing the operation of offshore wind tur-
bines up to 15 MW with suitable modifications, i.e. increasing thickness of the walls,

increasing the reinforcement capacity, increasing installation depth.
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4.4. Construction and deployment

The author contribution to the development of the construction and deployment methods
is limited to the calculations leading to the needed drafts during the different phases
commented below.

The simple geometry of a spar buoy allows the use of a modular construction scheme.
The precast concrete components can be fabricated off-site under controlled conditions,
using simple formwork, and avoiding expensive slip forming. The reinforcement can be
added in a controlled and efficient way of producing concrete precast modules. As precast
concrete uses standard forms, modules can be produced in larger numbers, improving the
economies of scale.

Construction will be carried out using a floating production line without the use of
dry docks or similar facilities. Figure 4.4.1 illustrates a typical site layout including a
batching plant, rebar and precast modules construction yards, the substructure assembly

area, and the turbine assembly area.

| Substructure
. Assembly Area

Precast Modules
Construction Yard

Y

~
Turbine
Assembly Area

Figure 4.4.1.: Typical construction site layout. Adapted from [22].

The heave plate and the base sections are designed to be built on a submersible pontoon
in shallow waters. With the base cast and afloat, precast modules are stacked along

with the flotation cylinder (Figure 4.4.2a) and the corresponding tower sections (Figure
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4.4.2b). Once the whole substructure is built, base and water ballast are added, and the
substructure can be towed to a deeper assembly area (Figure 4.4.2¢). Finally, the nacelle
and blades will be assembled (Figure 4.4.2d), and the complete system can be tested at

the quayside to allow for troubleshooting before installation in deep waters.

(b) Addition of the precast modules and tower sections.

Figure 4.4.2.: Construction and deploy methods. Adapted from [22].
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(c) Substructure towed to the turbine assembly area.

(d) Nacelle, rotor and blades fitted, and ready to be
tested at turbine assembly area.

Figure 4.4.2.: Construction and deploy methods. Adapted from [22].

To face the construction and deployment phase with guaranties, it is necessary to
calculate the required draft during the construction of the substructure, the assembly
of the different subsystem, the commissioning of the FOWT, and first stages of the

deployment, i.e. before the FOWT reaches deep-waters.

Once the initial design is established, a first forecast of the different weights and
submerged volumes involved in each of the different construction stages. The mentioned

weights and submerged volumes can be processed to predict the required drafts.
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Figure 4.4.3 presents the depths required at each of the different construction stages.
The DTI-F substructure requires less than 10 m depth for the construction early stages

and from 10 to 25 m depth to complete floater construction.
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Figure 4.4.3.: Needed draft during construction.

Figure 4.4.4 presents the draft requirements from the assembly phase to the commis-
sioning stage. It includes the addition of the base ballast, the fitting of the nacelle, the
rotor, the blades and the transfer of the ballast water until the full commissioning of the

system with the tower erected and the turbine ready to be tested.

129



4. Baseline design

&0

50

) I I I |
0

Unballzsted Baee ballast Tip mass Water ballaz Commisioned

=
L=

L
L=

[
=]

Meeded draught({m)

Figure 4.4.4.: Draft required to deliver the substructure.

4.5. Summary

The baseline design of the DTI-F system has been carried out using a concrete spar
buoy-based floater supporting the Levenmouth wind turbine (7TMW). The results are a
good indication that the fundamental design of the concept is technically feasible.

Installation and construction methods have been designed to minimise offshore oper-
ations. The raising mechanism allows for installation and maintenance avoiding the use
of heavy lifting cranes.

Further optimisation of the system can be achieved by using a two-bladed wind tur-
bine. Two-bladed wind turbines exhibit lower power performance than a three-bladed
wind turbine. However, the cost reduction in materials along with a slightly longer blade
will counteract this lower power output. Besides, the two-bladed wind turbine geometry
allows lowering the nacelle with the blades in horizontal position. Therefore, the instal-
lation and maintenance operations can be performed only at 20 m above the sea level
which has the potential to drastically reduce the costs.

The parametric design adopted has demonstrated been a useful tool to conduct an
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early design in terms of dimensions while producing overall results as volumes, masses
and mass properties, and an early estimation of the main hydrostatic and hydrodynamic
features of the floating system.

A 350 mm wall thickness was selected to achieve the desired draft while fulfilling design
and structural constraints. A final draft of 62 m was achieved reducing the initial draft
in 18 m.

The preliminary design has reduced the draft while using a heavier material by increas-
ing the diameter of the spar buoy. Increasing the spar buoy diameter will have important
hydrodynamic consequences which will be discussed later in Chapters 5 and 6.

A mooring system consisting of lines with three different sections has been designed
and fine-tuned in terms of length, pretensions, and anchors position to reduce the floater
response and protect the export cable from undesired loads. Drag anchors have been
chosen to restrain the excursion of the floating system since drag anchors are a well
understood technology with many years of experience applied in oil and gas platforms.
Three different mooring line configurations are considered during the first iteration de-
sign.

All the results from the calculations performed by the parametric design tool meet the
design basis document, i.e. FWT Ltd standard specifications and details of the DTI-F

concept.
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5. Experimental methods and analysis

techniques for FOWT

5.1. General

Floating offshore wind turbines (FOWTs) are complex systems. Besides the complexity
that the WT introduces into the system by itself, floating platforms are also subjected to
hydrodynamics interactions with the moorings, waves and currents. To predict realistic
hydrodynamic responses of FOWTs, full-scale tests on the relevant environment, i.e. open
sea, are the most reliable method. However, full-scale testing requires considerable effort
and it is expensive. Although tank testing is subjected to undesirable scaling effects [71],
small models are less costly and easier to handle. They require less staff, shorter set up
and testing time. Therefore, scale model testing is commonly accepted to be the first
step to evaluate concept feasibility |72] or component performance [69] before moving to
large /full-scale developments.

Based on the design developed in the previous Chapter, a scale model of the DTI-F
concept was built and tested to assess its hydrodynamic behaviour, and further de-risk
the new floating concept.

The following objectives are identified for the experimental campaign:

(1) Characterise the unmoored DTI-F substructure hydrodynamically i.e. no mooring

lines and ‘soft’ mooring lines, by calculating natural periods, damping ratios and
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response amplitude operators (RAOs).

(2) Evaluate the advantages and disadvantages of different catenary mooring config-
urations, i.e. three lines, four lines, and three lines with a delta connection, by
calculating natural periods, damping ratios. Use the produced results as a basis

for mooring system selection.

(3) Characterise the DTI-F substructure hydrodynamically with the chosen mooring

configurations by calculating its RAOs.

(4) Evaluate the hydrodynamic loading on mooring lines.

(5) Based on the measurements, to validate the numerical models of the DTI-F concept

with the chosen mooring configuration.

(6) Provide statistical information about the overall performance of the floating system

in realistic sea states.

The following Sections describe details of the facilities, model details, experimental setup,
methodology and analysis techniques employed during the experimental campaign of
the DTI-F (Sections 5.2 to 5.12). The results analysed are reported from Section 5.13

onwards.

5.2. Facilities

This Section introduces the facilities used to perform the testing campaign of the DTI-F.

5.2.1. Lir NOTF

The first experimental campaign was carried out in the Ocean Wave Basin of the Lir

NOTF in Cork, Ireland. The basin (Figure 5.2.1) is 15.14 m long, 25.85 m wide.
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Figure 5.2.1.: Wave basin geometry and lengths at Lir NOTF.

Its 11.2 x 10 m deep section is equipped with a movable floor plate (Figure 5.2.2).

The working water depth is set to 2 m to conduct the testing.

Figure 5.2.2.: Wave basin picture showing the movable floor in a raised position at Lir
NOTEF.

The basin (Figure 5.2.3) is equipped with 80-hinged wave paddles located on two sides
of the basin allowing for adjustable wave directions. The two other sides of the basin are

equipped with a beach, i.e. a wave absorber structure. The paddles can generate peak
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wave conditions with a significant wave height (Hg) of 0.16 m, peak wave period (T})
of 1.4 s, and maximum wave height (Hmax) of 0.32 m [73], which makes it ideal to test

operational conditions for 1:45 scale models such as the one considered in this study.

Figure 5.2.3.: Wave basin 3D draw showing the 80-hinged paddles (in blue), the beach
structure (in grey) and the deeper central basin at Lir NOTF.

5.2.2. FloWave OERF

Complementary hydrodynamic testing was performed at the FloWave Ocean Energy
Research Facility (OERF) in Edinburgh, Scotland. FloWave OERF is a circular wave
and current testing tank (Figure 5.2.4). The basin is equipped with 168 active-absorbing
hinged wavemaker paddles situated around the circumference of the tank. In addition

28 flow drivers will generate current systems.
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Figure 5.2.4.: Basin layout. Modified from [74].

The multidirectional wave and current basin is optimised for wave heights up to 0.45
m at wave period of 2 seconds (Figure 5.2.5) and can generate currents up to 1.6 m/s
[74]. This offers sea state conditions for testing floating wind turbines at scales up to

1:45.
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Figure 5.2.5.: FloWave OERF approximate tank performance.

There is a 15 m diameter movable floor in the centre of the tank that can be raised
above the water level (Figure 5.2.6) to facilitate model installation and reconfiguration.

The working water depth was set to 2 m to conduct the testing.
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(a) Movable floor in a raised position. (b) Underwater optical tracking system.

Figure 5.2.6.: Wave basin picture showing the movable floor and the underwater optical
tracking system.

5.2.3. Structural laboratory

In order to perform the catenary axial stiffness testing on the mooring line chains, the
structural laboratory at the University of Edinburgh’s Engineering School located in the

William Rankine building was used. The premises have an Instron 4500 Series Universal
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Testing Machine (Figure 5.2.7).

Console and
controlling
computer

Mounting pin

Wedge action grip

Figure 5.2.7.: Instron 4500 Series Universal Testing Machine showing the console and
controlling computer, the wedge action grip, the mounting pin, and dowel
used to secure the mounting pin to the testing frame.

A 100 kN rated capacity (+2N) wedge action grip was mounted in the load frame
by attaching the mounting pin to the frame adapter and securing it with a dowel. A
specimen, i.e. 20 cm of chain, was attached to the wedge action grip using a perforated

plate and a quick link (Figure 5.2.8).
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Figure 5.2.8.: 100 kN rated capacity wedge action grip showing the perforated plate and
the quick link used to attach the chain specimen.

5.3. Scale model

A 1:45 rigid model of the DTI-F system was machined (milling machine accuracy==0.5mm)
and assembled (Figure 5.3.1) in the FloWave OERF workshop. It was constructed of di-
vinycell closed cell foam sections with aluminium interfaces and heave plate. The design
includes approximately 10 kg of moveable ballast in the upper cylinder to adjust the final
draft and centre of gravity (CoG). The scale factor (1:45) was chosen to allow the correct
representation of water depth in the testing environment.

The scale model was designed to preserve geometric and dynamic similarities. Geo-
metric and dynamic similarity implies a unique scale ratio for the entire linear dimension

and a constant ratio between the forces in both model and full-scale. Therefore, geomet-
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ric and dynamic similarity together imply that flow and model will have geometrically

similar motions in model and full-scale which is known as kinematic similarity.

Figure 5.3.1.: Milling machine ready to cut a piece, working on the frustum, and a view
showing how some of the pieces were assembled.

Due to the unfeasibility of simulating all the dimensionless numbers at the same time,
i.e. it is unfeasible to simulate Froude and Reynolds number concurrently, the scale model
was designed to preserve the Froude hydrodynamic similitude. Therefore, the proposed

scaling maintains the following dimensionless numbers:

e Froude number, which is the ratio of water particle velocity to wave velocity.

e Keulegan-Carpenter number, which accounts for the relative excursion of a water

particle during a wave cycle, and

e The aerodynamic Lock number, which is the ratio of the aerodynamic forces and

the inertia forces.

The dimensionless numbers that are not conserved:
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e The Reynolds number in the air and the water. The Reynolds number is the ratio

of inertial forces and the viscous forces.
e The Weber number, which measures the balance of surface tension to inertial loads.

e The Strouhal number in water and air, which describes the oscillatory behaviour

of fluids.

e The Mach number, which is the ratio of the relative flow velocity to the sound

velocity.

e The Tip Speed Ratio, which is the ratio between the tangential speed of the tip of

a blade and the actual speed of the wind.

i

Figure 5.3.2.: Manufacture design of the DTI-F. The drawing on the right is a quadrant
showing the inner structure.
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The scaling relationships [75] utilised to obtain the appropriate scale factors are shown
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in Tables 5.1 and 5.2, where {3 is an adimensional free parameter allowing for adjustment
of a laboratory wind speed beyond strict Froude scaling and the length scale ratio A is

defined by:

A= e

= (5.3.1)

Where ‘p’ and ‘m’ subscripts stand for prototype scale and model-scale respectively,

and L is the representative length.

Table 5.1.: FWT scaling factors. p,, denotes the water density.

Property Scaling factor
Length A

Area A2
Volume A3

Mass (Pwp/ Pum)\?
Mass moment of inertia (J)  (pup/pwm) A’
Area moment of inertia (I) A4
Water velocity A/2

Air velocity A/2-1
Acceleration 1

Time A/2
Frequency A1/2
Angle 1

Force (Puwp/ Pwm)A?
Moment (Pwp/ Pwm )N\
Stiffness (E) (Pwp/ Puwm) A
Stress (Pwp/ Puwm) A
Power (Pup/ Pum)AT/?
Thrust coefficient (Cr) (Pwp/ Pwm ) N2 B
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Table 5.2.: Wind and waves scaling factors.

Property Scaling factor
Geometric height () A
Wind speed (V) A/2p-1
Turbulent wind frequency (f) A~1/2
Turbulence intensity 1
Wind profile power coefficient (o) 1
Water depth A
Velocity AL/2
Significant wave height A
Peak period /2
Wind-wave misalignment 1

Table 5.3 presents the dimensions of the scale model ‘as constructed’” and Table 5.4
shows the theoretical mass properties of the new designed 1:45 scale CAD model and
the percentual difference with the target values, i.e. 1:45 scale values from the full-scale
CAD model. The tower and nacelle were modelled to match the mass distributions of
the Levenmouth (Samsung Heavy Industries - S7.0-171) demonstration WT as described
in [76]. The tip mass distribution accounts for the whole system, i.e. blades, rotor, and

nacelle.
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Table 5.3.: DTI-F scale to 1:45. All dimensions are provided in millimetres.
Height Width Lenght Diameter

DTI-F 3651 - - -

Tip mass 200 178 956 -
Tower 1628 - - 156
Top cylinder 1556 - - 333

Frustum 111 - - -
Base cylinder 111 - - 667
Heave plate 44 - - 889

Table 5.4.: DTI-F mass properties scale to 1:45 and difference with the target values.

Mass (kg) CoG Z (mm) Iy (kgm?) Iy (kgm?) 1, (kgm?)
Model 186 447 126 126 10
% 0 0 8 8 -

5.4. Mooring configurations

The mooring lines were modelled by means of chains. Three different catenary mooring
configurations have been proposed for the seakeeping of the DTI-F concept, i.e. (i) three
lines distributed at 120 degrees, (ii) four lines distributed at 90 degrees, and (iii) three

lines distributed at 120 degrees with a delta (A) connection (Figure 5.4.1).
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Figure 5.4.1.: Different mooring configurations.

The experiments at Lir NOTF were the basis for seakeeping system selection. There-
fore, only the most efficient mooring configuration, i.e. three mooring lines, was tested
further at FloWave OERF. Figure 5.4.2 presents the different mooring layouts used at
Lir NOTF, whereas Figure 5.4.3 shows the physical arrangement used at FloWave OERF

for testing the three mooring lines configuration.
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Line 4 & Line 1b
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Figure 5.4.2.: Lir NOTF mooring layout.
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Figure 5.4.3.: Mooring physical arrangement used at FloWave OERF.

Tables 5.5 and 5.6 provide the position of the fairleads for the three and four mooring
layouts respectively. All the dimensions provided are related to the scale model with
the origin of the coordinate system centred on the lower part of the heave pate, i.e. the

vertex in the right quadrant shown in Figure 5.3.

Table 5.5.: Fairleads position in millimetres for the three-mooring layout .

x (mm) y (mm) z (mm)

Line 1 167 0 822
Line 2 -83 144 822
Line 3 -83 -144 822
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Table 5.6.: Fairleads position in millimetres for the four-mooring layout.

x (mm) y (mm) z (mm)

Line 1 167 0 822
Line 2 0 167 822
Line 3 -167 0 822
Line 4 0 -167 822

The length and weight are the main factors influencing the behaviour of a mooring
line. Tables 5.7, 5.8 and 5.9 provide the mooring line features as tested in Lir NOTF and
FloWave OERF respectively. Every line was divided into three different sections, each
segment is lighter than its predecessor (Figure 5.7). The mass per unit length of the first
section of the chain, the one attached to the model, was 0.37 kg/m, followed by a 0.27
kg/m section, and a lighter 0.08 kg/m section linked to the anchoring point in the floor

of the basin.

Table 5.7.: Mooring features for the three-mooring configuration as tested at Lir NOTF.
Length (m) Weight (kg)

Line 1 5.11 1.42
Line 2 5.32 1.07
Line 3 5.32 1.07

Table 5.8.: Mooring features for the three-mooring configuration as tested at FloWave

OERF.
Length (m) Weight (kg)
Line 1 5.70 1.19
Line 2 5.70 1.19
Line 3 5.70 1.19
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Table 5.9.: Mooring features for the four-mooring configuration as tested at Lir NOTF
Length (m) Weight (kg)

Line 1 5.35 1.01
Line 2 0.32 1.07
Line 3 5.32 1.07
Line 4 5.35 1.02

In order to characterise the three-mooring line with delta connection, an additional
0.44 m and 0.4 kg must be added on top of the three mooring lines configuration values

to account for the delta connection setup (illustrated later in Figure 17).

0.7m

Figure 5.4.4.: Mooring line layout showing the in three different sections in red (0.37
kg/m), yellow (0.27 kg/m), and blue (0.08 kg/m) respectively.

Free floater testing was conducted using two different approaches. At Lir NOTF the
floater was strictly free-floating whereas a fine elastic rubber line, i.e. ‘soft’ mooring

configuration, was used at FloWave OERF.
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5.5. Instrumentation

The instrumentation listed below were used during the testing, to measure the wave
surface elevations in the tank, the loads in the mooring lines, and the motions of the

floating platform:

e The generated wave heights were measured using six resistive twin-wire probes
(Figure 5.5.1) with an accuracy of 0.3 mm. Wave probes were connected to a
Churchill control amplifier at Lir NOTF meanwhile a National Instruments PXI

and CompactDAQ system was used at FloWave OERF.

Electrica‘l
Connection
"
USB Hub \

Block

Gauge
Probes

o

Wave Gauge \\\
Controller Box \
ﬁ&\ \
Graduated rod — \\ \ O\
X-_ o

Figure 5.5.1.: Edinburgh Designs resistive wave gauges [77].

e The mooring line tensions were measured at Lir NOTF using four force transducers
located between the fairleads and the mooring line. Two different types of trans-
ducers, i.e. s-beam and ring (Figure 5.5.2), were used to compare results. For the

delta connection configuration, the transducers were installed between the delta
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lines and the mooring line as shown in Figure 5.5.3. The weight of the submersible

s-beam load cells is 8.5 g, their capacity is 22.2 N, and their accuracy is +0.02 N.

(a) S-beam transducer. (b) Ring transducer.

Figure 5.5.2.: Force transducers.

e The six degrees of freedom (DOF) motions of the floating platform were measured
using an optical tracking system. The Qualisys ProReflex MCU was used at Lir
NOTF meanwhile Oqus 7+ cameras were used at FloWave OERF. Both systems

present an accuracy of £0.01 mm.

e Qualisys Oqus 5+ underwater cameras were used at FloWave OERF to record the
three degrees of freedom (DOF) motions of mooring lines. The accuray of the

underwater optical tracking system is £0.1mm.

The resistive twin-wire probes and the force transducers are analogue output measuring
equipment. They are designed to generate a current signal (or analogue voltage) which is
linearly proportional to the measured parameter. Therefore, analogue instruments need
calibration to find out the proportionality constant. On the contrary, the Qualisys system
is an instrument with digital output, i.e. with a characteristic digital signal protocol. It is
complex dealing with different types of concurrent signals, and getting the whole system
simultaneously triggered is a challenge. Transducers apart, the system needed to perform
measurements within the tank facility includes amplifiers, signal conditioning system, i.e.

filters, AD converters; data store and a communication system, e.g. cabling, wireless.
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Fairleads

Delta lines

Load cell

Shackle

Mooring line

Figure 5.5.3.: Detail of the delta connection setup.

5.6. Testing conditions

Two different groups of experiments regarding the characterisation of FOWT are de-
scribed and commented: ‘dry’ and ‘wet’ tests. ‘Dry’ tests comprise inclination, swing,
and mooring line tensile tests. Inclination and swing test were carried out within FloWave
OERF premises, the tensile tests were performed in the above-mentioned structural lab,

whereas ‘wet’ tests i.e. static, quasi-static, and hydrodynamic tests, were conducted in
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the two aforementioned wave basins.

Static and quasi-static tests were performed in still water conditions to determine the
draft of the model and the mooring line stiffness.

Free decay tests were carried out for heave, pitch and roll modes of motion, whereas
stiffness decay tests were also conducted for the surge, sway, and yaw modes of mo-
tions. The objective is to define the resonance properties and hydrodynamic coefficients
for the free floater and the complete system including the three different mooring line
configurations.

Regular wave testing, simulating waves with amplitudes of 44, 100, and 110 mm and
periods ranging from 0.70 to 3.33 s were carried out to compute the displacements and
the cable force response amplitude operators (RAOs). These tests correspond to wave
with a period from 4.7 to 22.4 s and height from 2 to 5 m at full scale, which represents
moderate to rough operational sea states, but not extreme sea states at the Peterhead
site.

Three random sea states were generated using the Joint North Sea Wave Observation
Project (JONSWAP) spectrum with Hg of 40, 101, and 150 mm and T} of 0.89, 1.27,
and 1.41 s were also tested. The experiments using random wave also included line lost
tests. The line lost tests were performed using the mentioned JONSWAP irregular seas
but releasing some of the mooring lines sequentially during the test.

Table 5.10 summarises the experiments conducted at Lir NOTF and FloWave OERF

respectively.

Table 5.10.: Summary of the test programme conducted.

Type of tests Tests @ Lir NOTF Tests @ FloWave OERF

Free decay tests 9 21
Stiffness decay tests 36 41
Regular wave tests 88 139
Irregular wave tests 26 9
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5.7. Wave quality

The wave quality at Lir NOTF is depicted in Figure 5.7.1. It has been found that the wave
height produced during regular wave experiments, i.e. 44 and 110 mm for Lir NOTF, is
smaller than the target. The 44 mm waves were off by 23% for low frequencies arising
until 27% for higher frequencies. The 110mm waves present a 10% discrepancy with the
target for low frequencies while for higher frequencies the experimental wave matches the
target adequately. The wave heights produced during random wave experiments were
off by 7% and 4% for waves of 150 mm and 1.41 s, and 101 mm and 1.27 s respectively,
whereas the random waves produced with a Hs of 40 mm and a T}, of 0.89 s matched the
target. Regarding the periods, the overall matching reaches 96% although specific cases
are off by 7%.
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Figure 5.7.1.: Wave quality at Lir NOTF.

The quality of the waves at FloWave OERF is shown in Figure 5.7.2. Once again,
the wave height of the experiments is smaller than the target wave. However, due to
the smaller target wave height, i.e. 20 mm instead of 44 mm, the wave height produced
presents an overall 5% discrepancy with the target wave height. It is worth noting that
two cases, i.e. regular wave with a period of 0.5 s, and random wave with a peak period

of 1.27 s reach the 18% discrepancy in wave height. Regarding the periods, the overall
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matching reaches 99% although specific cases were off by 5%.

160 T T <P T T T T T T T T T
©  Target
__140r _ _
= x  Experiments
£ 120+ .
S
@
5 100+ o .
= e
=
o 80 B
£
© 60 - .
2
W 40+ -
=
20%&3%3@999%262 9 9 & 29 9 Q 09
0 1 1 1 1 1 1 1 1 | | | | 1 1 1
08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4

Period (s)

Figure 5.7.2.: Wave quality at FloWave OERF.

Figure 5.7.3 shows a typical wave profile for a regular wave recorded at Lir NORT.
Figure 5.7.3a shows the wave height as recorded for a target wave of 44 mm height and a
period of 0.85 s, and Figure 5.7.3b presents an ampliation of the record showing how the
experimental wave compares with the target wave. Figure 5.7.5 presents similar results
to the ones shown in Figure 5.7.3 but recorded in FloWave OERF. Therefore, the target
wave height is 40 mm and the target regular period is 0.87 s. Figures 5.7.4 and 5.7.6 show
a typical wave profile and spectral density for irregular waves recorded at Lir NORT and
FloWave OERF respectively. Figures 5.7.7 and 5.7.8 present the part of the record used
for the wave quality assessment. Only initial transients caused by the start-up condition
of the wavemaker and last cycles of the record are excluded for the analysis. The reflected

waves are included in the analysis.
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Wave Height (mm)

(a) Wave height as recorded for a target wave of 44 mm height and a period of 0.85 s.
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(b) Zoom of the record comparing the experimentally produced wave with the target wave.

Figure 5.7.3.: Regular wave profiles recorded at Lir NOTF.
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(b) Spectral density for Hy of 150 mm and T, of 1.41 s.

Figure 5.7.4.: Wave profile and spectral density for irregular waves recorded at Lir NOTF.
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(b) Zoom of the record comparing the experimentally produced wave with the
target wave.

Figure 5.7.5.: Regular wave profiles recorded at FloWave OERF.
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Figure 5.7.6.: Wave profile and spectral density for irregular waves recorded at FloWave
OEREF.
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highlighted in red for the experiments conducted in FloWave OERF.
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5.8. Dry tests

Several experimental techniques are included within the category of dry tests when ref-
ereeing to FOWT. Usually, the term applies to wind tunnel testing. However, other
experiments such as inclination tests, swing tests, and catenary axial stiffness tests are

also covered.

Inclination and swing tests are conducted using a tilting test rig. The testing rig
consists of a free frame able to swing within the base frame. The contact between the
two frames has been designed to minimise the loss of energy while swinging. The setup
is a pendulum arrangement where the oscillation period of the frame alone or a system
(frame plus model) can be calculated. First, the rig natural period of oscillation is
calculated, i.e. frame without the model. Then the model is tested along with a known
mass situated sequentially at different heights to find the CoG of the model. Finally, the
model is tested with two additional masses situated at a known distance from the frame
oscillation centre, and the period of the whole system is measured. Using the pendulum
equations and knowing the oscillation period of the frame alone, the Mol of the model can
be calculated. The setup used to perform the mass properties testing, i.e. CoG height
and Mol, is shown in Figure 5.8.1. The tilting test rig includes the base and the free
frames, a high accuracy inclinometer, and the digital acquisition (DAQ) system including
a computer to record the oscillation data. Further information regarding inclination and

swing tests can be consulted in [78, 79].
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Figure 5.8.1.: Tilting test rig.
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The catenary axial stiffness experiment was conducted after the two hydrodynamic
tests to validate the elastic modulus of the mooring lines. The stiffness of a line is the
stress-strain relationship. The elastic modulus is the product of the stiffness and the
initial length of the sample (20 ¢cm) divided by the cross-sectional area of the sample.
The cross-sectional area of the chain must be calculated based on the equivalent diameter
(0.0033 m) of the chain. It is important to test the chain up to the level of loads reached
during the hydrodynamic testing. Figure 5.8.2 shows the setup explained in Section 5.3

along with the chain sample as tested in the structural laboratory.

Figure 5.8.2.: Catenary axial stiffness experiment as performed in the structural labora-
tory.

Figure 5.8.3 presents the typical result of a catenary axial stiffness testing with a fitted
regression line. The slope of the regression line is equivalent to Young’s modulus of the

chain.
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Figure 5.8.3.: Result of a catenary axial stiffness testing.

5.9. Static and quasi-static testing

As aforementioned, the main objective of the static testing is determining the draft of
the floating system with and without the mooring lines. Figure 5.9.1 shows the initial
draft of the floater with and without mooring lines, as tested at Lir NOTF'. Static testing
also provides information regarding the heel and trim of the floater. Figure 5.9.2 shows

the trim and heel of the free floater at Lir NOTF.
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(b) Draft of the floater with (c) Draft of the floater with four mooring lines.
three mooring lines.

Figure 5.9.1.: Draft of the floater as tested at Lir NOTF.
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(a) Trim of the free floater. (b) Heel of the free floater.

Figure 5.9.2.: Static testing at Lir NOTF.
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Figures 5.9.3 and 5.9.4 show the initial draft of the floater with the ‘soft’ and the
catenary mooring respectively, as tested at FloWave OERF. One of the objectives of the
testing at FloWave OERF was to eliminate any trim or heel on the model in still water
conditions. Therefore, the model was re-ballasted until it looked trimmed and heeled at
zero degrees, i.e. no trim or heel. Thorough checking of the draft and trim and heel

angles were performed in both basins.

Figure 5.9.3.: Draft of the floater with the ‘soft’ mooring lines, as tested at FloWave
OERF.
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Figure 5.9.4.: Draft of the floater with the catenary mooring lines, as tested at FloWave
OERF.

Quasi-static tests were carried out to identify the line stiffness in a certain direction.
The test is conducted in still water conditions. A string is attached at the CoG height of

the model on the opposite side to the line that must be tested (Figure 5.9.5). By hanging
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a set of weights sequentially, the horizontal position, i.e. surge, of the floater changes, and
by plotting the change of horizontal position of the floater against the tensions induced by
the hanging weights, the global mooring line stiffness can be identified. This experiment

was conducted only in FloWave OERF.

Induced .
Tension
movement
transferred
on the
thought
floater .
the string
—
Tension — l
transferred ? Weights
to the .
mooring 3
line.

Figure 5.9.5.: Setup used to test the line stiffness in surge at FloWave OERF'.
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5.10. Decay testing

To experimentally obtain the resonance properties and hydrodynamic coefficients for the
free floater and the complete floating system including the three different mooring line
configurations, free decay and stiffness decay tests were performed at Lir NOTF and
FloWave OERF. Free decay tests were carried out for heave, pitch and roll modes of
motion, whereas stiffness decay tests were also conducted for the surge, sway, and yaw
modes of motions. The decay testing at Lir NOTF was the basis for mooring configuration
selection. Therefore, only the selected mooring line configuration was further checked at

FloWave OERF.

5.10.1. Free decay testing

Free decay tests were carried out with no moorings attached at Lir NOTF, whereas a
‘soft” mooring configuration, i.e. fine elastic rubber line, was used at FloWave OERF.
Lir NOTF facilities lacked the gantry, i.e. footbridge, when the tests were conducted.
Therefore, a boat was used to approach the model and provide the excitation for the
test.

Each set of tests was repeated several times, e.g. three times at Lir NOTF and six
times at FloWave OERF, to check for experimental bias. These experiments were con-
ducted by applying a prescribed displacement in heave, pitch and roll from the stationary
equilibrium position, and cautiously releasing the model allowing it to free oscillate.

Figure 5.10.1 presents an overview of the typical record obtained from a heave free
decay test at Lir NOTF. Figure 5.10.2 shows heave free decay test results as recorded
at FloWave OERF. Both records include the surge, sway, roll, pitch, and yaw motions
occurring simultaneously. It is essential to verify that the magnitude of the tested motion
is larger than the other modes of motion to ensure that most of the energy within the

system has been employed to produce the tested motion.
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To compute overall damping coefficients and natural frequencies, the procedure ex-
plained in [80] has been followed. Overall damping can be split into its linear (radiation
damping) and quadratic (viscous damping) components using the procedure explained
in [81] and shown in Figure 5.10.3. An example of how to apply step by step the method-

ology is presented in [82].
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Figure 5.10.1.: Typical record of a heave free decay test at Lir NOTF.
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173



5. Experimental methods and analysis techniques for FOWT

20 : : : : : : 0.16
O Peaks /
15 A 0.14 Linear fitting | /
Ny /
I 4 /o
10| I'l 1 A : 0.12 /o °
| ] ~ /o
NENBIREE, 3
= 5r | i h 1% o041 Po
E ‘ || H H [ I| [ |HI I“ I| A Al ! “ H | \ | \ ﬁ s /
T 0 \‘|||||‘|I‘I RN ARANAVAVARAVARANANAAYA < oos /
i) r | \ | \ | \ 1 & 0. /
2 |||m|\||\|w;llmmg‘.fu‘lw.‘f‘.w..‘,,a,;‘.ﬂ/‘,‘, 5 &
LYY Y YV YV VYV s
- | [ R T B VA, ’ 7 : ©
AR S| o,
|| [| o 'J = /B
ST 1 0.04f /L
|‘ ll-‘l | // ®
stk ! - E oozt @
m
20 s s s s ‘ ‘ s s 0
0 10 20 30 40 50 60 70 80 20 0 5 10 15 20
Time (s) (16/3)"(A /T, )

Figure 5.10.3.: Procedure to split damping into linear damping (radiation damping) and

quadratic (viscous damping) components using the method explained in
[81].

5.10.2. Stiffness decay testing

Stiffness decay tests in heave, surge, sway, yaw, pitch, and roll modes of motion were
carried out to define the resonance properties and hydrodynamic coefficients of the float-
ing system including the three different mooring line configurations. As in the case of
the free decay tests, the stiffness decay experiments were performed by applying dis-
placement to the moored floater in all six modes of motion and then releasing it. The
mooring system counteracts the excitation and moving the floater back to the stationary
equilibrium position, the whole system starts to oscillate, i.e. dissipate energy. Again, a
boat was used (Figure 5.10.4) to approach the model and provide the excitation for the

test at Lir NOTF whereas the gantry was used at FloWave OERF.
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Figure 5.10.4.: Method used at Lir NOTF to approach the model and provide the excita-
tion for the free decay experiment since the facilities lacked gantry when
the tests were conducted.

Figure 5.10.5 presents the typical record from a heave free decay test as performed at
Lir NOTF. It is worth noting the effect of the boat movement at the beginning the record
in the sixth time series labelled WP for wave probe. Using the same procedures mentioned
for the analysing of the free decay tests, the natural frequencies and damping coefficients
for the floating system including the mooring lines were calculated and damping was split

into its linear (radiation damping) and quadratic (viscous damping) components.
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Figure 5.10.5.: Typical record obtained from a heave stiffness decay test as performed at
Lir NOTF.

5.11. Regular wave testing

Regular wave tests aim to evaluate the behaviour of the system in a controlled envi-
ronment by assessing the RAOs. RAO is a non-dimensional transfer function relating
the wave elevation and the response amplitude for a certain degree of freedom used to
evaluate the performance of the structure in the frequency domain. Regular wave testing
was performed for both moored and ‘free floater’ conditions although the ‘free floater’
testing was conducted only at FloWave OERF and using the ‘soft’ mooring line con-
figuration to avoid excessive drift. Moored regular testing included experiments with
the three different mooring configurations, i.e. three, four, and three mooring lines with
delta connection at Lir NOTF but only the three mooring line configuration at FloWave
OERF. Figures 5.11.1 and 5.11.2 show typical records obtained from regular testing at
Lir NOTF and FloWave OERF respectively.
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Figure 5.11.1.: Typical records obtained from regular testing at Lir NOTF. Results ex-

pressed in millimetres, degrees, and Newtons.

Figure 5.11.1 presents the responses of the six modes of motion of the floater, the record

of the wave probe, and the mooring line tensions whereas Figure 5.11.2 lacks tensions

records.
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Figure 5.11.2.: Typical records obtained from regular testing at FloWave OERF.

It is worth noting, that the regular wave test records are noisier in Lir NOTF than
in FloWave OERF, i.e. records in Figure 5.11.1 is noisier that records in Figure 5.11.2.
Regardless of the quality of the data, the most challenging aspect regarding the RAO
computation is choosing the part of the record to be analysed. It is a subjective task that
requires experience, and a deep understanding of the objectives sought. This is discussed
later in Section 5.15. Figure 5.11.3 presents 'the RAO amplitude for the different DoF
obtained using different time windows. It gives an idea of the dispersion of the data,
and where they tend to concentrate. The first five time windows analysed differ on the
part of the record used for the calculations, whereas the last five time windows show the

results for a time window that goes increasing in size.
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Figure 5.11.3.: RAO amplitude for the different DoF obtained using different time win-
dows.

5.12. lrregular wave testing

The analysis of random seas is rather complex than regular ones but offers a prediction
of the behaviour of the floating system in realistic environmental conditions. Beyond
the quasi-periodic results obtained by regular wave testing, irregular waves tests may
highlight coupled behaviours, e.g. surge-pitch coupling, triggered by non-linear forces
acting at periods different than the investigated with regular waves [84]. Figures 5.12.1
and 5.12.2 show typical records obtained from irregular wave testing at Lir NOTF and
FloWave OERF respectively. Note that the length of the records was increased from five

to eighteen minutes to fully develop the irregular sea.
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Figure 5.12.1.: Typical records obtained from irregular wave testing at Lir NOTF. Results
expressed in millimetres, degrees, and Newtons.

As mentioned before for regular waves, the RAO is a useful tool to analyse the results
of random wave testing. In this case, the RAO equivalent is called non-dimensional dis-
placement and is calculated using the square root of the relationship between the energy
distribution of the response in a certain degree of freedom, i.e. response spectrum instead
of amplitude, divided by the energy distribution of the excitation which produced the
mentioned response. The whole record is used to produce the non-dimensional displace-
ments, therefore, the problem related to choosing the right part of the record does not

apply to the analysis of irregular waves.
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Figure 5.12.2.: Typical records obtained from irregular wave testing at FloWave OERF.
Results expressed in millimetres and degrees.

5.13. Results @ Lir NOTF

This Section presents the experimental results obtained at Lir NOTF. Table 5.11 presents
the results of the static tests, i.e. draft, trim and heel. There were no quasi-static tests
conducted in Lir NOTF but since force transduces were installed between the fairleads
and the mooring line attachment (Figure 5.5.3), there is a record of the pretension values.

Table 5.12 shows the pretensions recorded for each mooring line configuration.
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Table 5.11.: Static tests results. Draft is presented in millimetres and the inclination in

degrees
Draft / Inclination

Free-floating condition 1320
Three mooring lines 1375
Three mooring lines with A connection 1380
Four mooring lines 1390
Endwise or trim -14

Sideways or heel 0

Table 5.12.: Mooring line pretension in Newtons.

Line1 Line2 Line3d Line4

Three mooring lines 11.2 7.3 8.0 -
Three mooring lines with A connection  12.9 7.5 6.7 -
Four mooring lines 9.5 9.5 6.8 6.8

Figure 5.13.1 shows the analysis of the results for the three repetitions of the heave free
decay experiments and therefore, the source of the data used to calculate the properties
of the oscillating system, i.e. logarithmic decrement and natural frequency. For each
repetition, two different sets of data have been produced and analysed. The first set
of results was produced by fitting a damped sinusoidal curve (Figures 5.13.1a, 5.13.1c,
5.13.1e), whereas the second set of data uses a peak finding process along with the
fitting of an exponential curve (Figure5.13.1b, 5.13.1d, 5.13.1f). Table 5.13 shows the
results of three different heave free decay tests for testing repeatability and reproducibility

purposes. Tables 5.14 and 5.15 present the same results for pitch and roll free decay tests.
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(b) Exponential fitting of the peaks shown in 5.13.1a.

Figure 5.13.1.: Results of the three heave free decay experiments.
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Figure 5.13.1.: Results of the three heave free decay experiments.
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Table 5.13.: Heave free decay tests results.

Damping Coefficient (-) Natural Period (s)

Set 1 Set 2 Set 1 Set 2
Test 1 0.0046 0.0043 4.268 4.268
Test 2 0.0043 0.0044 4.267 4.255
Test 3 0.0044 0.0043 4.254 4.254

Table 5.14.: Pitch free decay tests results.

Damping Coefficient (-) Natural Period (s)

Set 1 Set 2 Set 1 Set 2
Test 1 0.0025 0.0021 8.148 8.181
Test 2 0.0024 0.0021 8.183 8.184
Test 3 0.0025 0.0020 8.180 8.181

Table 5.15.: Roll free decay tests results.

Damping Coefficient (-) Natural Period (s)

Set 1 Set 2 Set 1 Set 2
Test 1 0.0025 0.0021 8.174 8.180
Test 2 0.0021 0.0021 8.163 8.175
Test 3 0.0022 0.0021 8.169 8.152

Table 5.16 presents a summary of the free decay testing results. Natural period is

presented in both experimental and full-scale.

Table 5.16.: Summary of the free decay results. Natural periods shown in seconds.

Damping Coefficient (-) Natural Period Full-scale Natural Period

Heave 0.0044 4.261 28
Pitch 0.0008 8.184 54
Roll 0.0008 8.173 54

186



Results @ Lir NOTF

In order to compute the resonance properties of the floating system with the three
different mooring line configurations, the same procedure explained for the free decay
testing was followed, i.e. producing results from two different set of data. Again, the
first set of data was produced by fitting a damped sinusoidal curve, whereas the second set
of data uses a peak finding process along with the fitting of an exponential curve. Figures
5.13.2 and 5.13.3 show examples of the data obtained, and the analysis performed for
the stiffness decay tests in heave, surge, sway, and pitch, roll, and yaw modes of motion

for the three mooring line configuration respectively.

The same procedure was followed to produce the properties of the oscillating system,
i.e. logarithmic decrement and natural frequency, for the four and three with delta
connection mooring line configurations. A summary of the result obtained is presented
in Table 5.17. Table 5.18a presents the damping coefficients natural period of resonance
of the floating system at testing scale, whereas Table 5.18b presents the natural periods
of resonance of the floating system for the three mooring line configurations considered

at full-scale.
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Figure 5.13.2.: Stiffness decay test results for the translational modes of motion.
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Figure 5.13.2.: Stiffness decay test results for the translational modes of motion.
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Figure 5.13.2.: Stiffness decay test results for the translational modes of motion.
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Figure 5.13.3.: Stiffness decay test results for the rotational modes of motion.
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Figure 5.13.3.: Stiffness decay test results for the rotational modes of motion.
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Figure 5.13.3.: Stiffness decay test results for the rotational modes of motion.

(e) Fitting of the testing results with a damped sinusoidal curve.
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Table 5.17.: Summary of the result obtained during the stiffness decay testing for the
three (3), four (4), and three with delta connection (A) mooring line config-

urations.
Damping coefficient (-) Model-scale natural period (s)
Mooring configuration 3 A 4 3 A 4

Heave 0.004 0.004  0.004 4.203  4.203 4.203
Surge 0.002 0.002  0.002  25.234 25.002 24.884
Sway 0.002 0.002  0.002 15.151 14.851 11.101
Pitch 0.001 0.001  0.001 7.379  8.181 7.383
Roll 0.001 0.001  0.001 7.352  8.171 7.264
Yaw 0.001 0.0065 0.002 18.055 6.209 10.385

(a) Damping coefficient and natural period of resonance at testing scale.

Full-scale natural periods (s)

Mooring configuration 3 A 4
Heave 28 28 28
Surge 169 169 167

Sway 102 100 74

Pitch 50 55 50

Roll 50 55 49

Yaw 121 42 70

(b) Natural period of resonance at full-scale shown.

As stated before, the regular wave records shown in Figure 5.11.1 are noisier than
the ones depicted in Figure 5.11.2. The same comment is valid for the random wave
experiments, i.e. records in Figure 5.12.1 are noisier during the regular and random
wave testing than records in Figure 5.12.2. Therefore, precaution must be taken when

analysing the results obtained in Lir NOTF since the data is subject to high uncertainty.

Figure 5.13.4 shows wave probe, surge, pitch and heave time series for a regular wave

test with a wave height of 44 mm and a period of 2.22 s.
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Figure 5.13.4.: Recorded time series for a regular wave test.

195



5. Experimental methods and analysis techniques for FOWT

T T T T T T T T
cxperiment i

0.4 1

o
S}
T
T

o
T

=)
\S]
T

Pitch Response (deg)

MU |

-06 1

40 45 50 55 60 65 70 75 80 85
Time (s)

(c) Pitch.

0.8 T T T T T T T

<
P
T
L

(=]
T

02

Heave Response (mm)

~ .1 ‘2 L 1 1 1 L 1 1 1 1
40 45 50 55 60 65 70 75 80 85

Time (s)
(d) Heave.

Figure 5.13.4.: Recorded time series for a regular wave test.

The full record of the wave probe is depicted in Figure 5.13.4a. Figures 5.13.4b, 5.13.4c,

and 5.13.4d present the records for the surge, pitch and heave time series starting at 40
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s to avoid transients.

Figure 5.13.5 presents wave probe, surge, pitch and heave time series for an irregular

wave test with a significant wave height of 40 mm and a peak period of 0.89 s.
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Figure 5.13.5.: Recorded time series for an irregular wave test.
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Figure 5.13.5.: Recorded time series for an irregular wave test.

The full record of the wave probe is depicted in Figure 5.13.5a. Figures 5.13.5b, 5.13.5c,

and 5.13.5d present the records for the surge and pitch time series starting at 20 s to
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avoid transients. Figure 5.13.6 presents the spectral densities of the records shown in

Figure 5.13.5.
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Figure 5.13.6.: Spectral densities of the wave probe, surge, pitch and heave experimental
records for an irregular wave test with a significant wave height of 40 mm
and a peak period of 0.89 s.

199



5. Experimental methods and analysis techniques for FOWT

- N
o N o
- T

Pitch Spectral Density (deg?s)

0.5
0»
02 04 06 08 1 12 14 16 18 2
Period (s)
(c) Pitch.
-8
2.5 X10
@ 2f
o~
£
E
2
%15+
S
@
a
i
® 1
Q
@
2
@©
-3
Tos
0 ~ — ~— R —
0 02 04 06 08 1 12 14 16 18 2
Period (s)
(d) Heave.

Figure 5.13.6.: Spectral densities of the wave probe, surge, pitch and heave experimental
records for an irregular wave test with a significant wave height of 40 mm
and a peak period of 0.89 s.

A summary of regular and random wave tests results is shown in Figures 5.13.7 and

5.13.8 in terms of RAQO.
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5.14. Results © FloWave OERF

This Section presents the experimental results obtained at FloWave OERF. The results

of the dry tests are presented in table 5.18.

Table 5.18.: Dry tests results.
Inclination test (m) 0.489
Swing test (kgm?) 135.398
Chain stiffness (kN/m) 750.000
Elastic modulus (kN/m?) 2.280x10”

Table 5.14 presents the results of the static test, i.e. draft, trim and heel. The position
of the markers installed in the mooring lines was recorded during the static test to
calculate the pretension of the system. Figure 5.14.1 presents the profile of the mooring
line in still water conditions, indicating a pretension of 11 N. The results of the quasi-
static tests are presented in Figure 5.14.2 indicating the tension in the mooring lines for

a given surge offset.

Table 5.19.: Static tests results.

Draft (mm) or Inclination (deg)

Free-floating condition 1320

Three mooring lines 1375
Endwise or trim 0
Sideways or heel 0
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Figure 5.14.2.: Mooring stiffness for the floating system.

Tables 5.20 and 5.21 present a summary of the free decay and stiffness decay testing

results in both experimental and full-scale
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Table 5.20.: Summary of the free decay results.

Damping Coefficient (-) Natural Frequency (Hz) Full-scale Natural Period (s)

Heave 0.0040 0.235 28
Pitch 0.0008 0.123 o4
Roll 0.0008 0.123 o4

Table 5.21.: Summary of the stiffness decay results.

Damping Model-scale natural Full-scale natural
coefficient (-) frequency (Hz) period (s)
Heave 0.0035 0.236 28
Surge 0.0041 0.032 207
Sway 0.0041 0.026 253
Pitch 0.0093 0.132 ol
Roll 0.0081 0.132 ol
Yaw 0.0011 0.049 137

Figures 5.14.3 to 5.14.7 show the six DoF motion response of the model for regular
waves with 40 mm of wave height and a period of 0.35, 0.4, 0.9, 1.2, and 0.2625 Hz

respectively.
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Figure 5.14.3.: Motion response for regular waves with a frequency of 0.35 Hz.
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Figure 5.14.7.: Motion response for

regular waves with a frequency of 0.2625 Hz.

Figures 5.14.8 to 5.14.13 present the results of the regular wave test in terms of RAOs

and Figure 5.14.14 shows similar results but computed using irregular wave testing re-

sults.
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Figure 5.14.8.: RAOs for the free floater condition in head seas, i.e. with waves impacting
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Figure 5.14.9.: Zoom in view of the rotational RAOs shown in Figure 5.14.8b.
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Figure 5.14.10.: RAOs for the moored condition in head seas.
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Figure 5.14.11.: RAOs for the moored condition in bow seas (with waves impacting at
forty-five degrees).
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Figure 5.14.12.: Zoom in view of the translational RAOs shown in Figure 5.14.11a.
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Figure 5.14.13.: RAOs for the moored condition in beam seas, i.e. with waves impacting

at ninety degrees.
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Figure 5.14.14.: RAOs from different irregular waves.
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5.15. Discussion

This Section presents the discussion of the results presented in the two previous Sections,
i.e. the results obtained during the testing campaigns performed in Lir NOTF and
FloWave OERF. The investigation gives insight into the model, the facilities used for
hydrodynamic testing and the wave quality delivered. It also covers a wide range of
experimental investigations including preliminary ‘dry’ testing, static and quasi-static

testing, decay testing, and regular and random wave experiments.

As mentioned before in Section 5.3, the model has been scaled using the Froude num-
ber, because in this case, the Reynolds number in the flow is above the critical value for
the transition to turbulence. Therefore, the flow is turbulent with relatively weak effects
of drag on the process compared with the effects of gravitational free-surface waves, i.e.
free surface flows are governed by gravity forces. As a result of the Froude scaling, vis-
cous effects must be compensated for when translating results to full scale and during

the validation of numerical models.

Similarly, the use of the Froude number provides a correct scaling of the weight of
the mooring line which ensures appropriate restoring forces and inertial loads. However,
hydrodynamic loads due to viscous drag are not considered and must be considered when

translating results to full scale and during the validation of numerical models.

After the scaling process, the physical model was designed using a computer-aided
design (CAD) tool. The scale model as built show discrepancies with the theoretical
model initially proposed in CAD. The tolerances of the milling machine are of the order of
three millimetres. The position of the CoG matched perfectly the theoretical assumption.
However, the theoretical mass distribution in terms of Mol was between 8 and 5% off

compared to the theoretical full-scale mass distribution (Table 5.4).

Even though it is not a common practice, performing inclination and swinging tests

is the only way to tune or validate the position of the CoG and the Mol of the physi-
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cal model. Regarding that, the moveable ballast in the upper cylinder (Figure 5.3) was
enough to perfectly match the theoretical height of the CoG (Table 5.11). Further im-
provement of the Mol results can be achieved by implementing a trial and error approach

during the swing tests, but this method was out of the scope due to time limitations.

The discrepancies regarding the tolerance of the milling machine are neglectable, but
the divergencies regarding mass distribution must be considered when translating results

to full scale and during the setup of numerical models.

As stated in Section 5.4 the most relevant parameters to properly model a catenary
mooring line are the weight per unit of length and the equivalent diameter of the chain
although other parameters like the axial stiffness should also be considered. Axial stiffness
influences the line catenary shape, and it is relevant to the surge, sway and yaw motions.
Moreover, cable displacements decrease with increase in axial stiffness while the cable
tensions increase with the increase in axial stiffness. The scaling of the weight per
unit of length and the equivalent diameter is covered by Froude laws and geometric
scaling respectively. However, to deduce the axial stiffness of the line used during the
hydrodynamic experiments the chain must be tested as explained in Section 5.8. The
experimental axial stiffness must be used during the setup of numerical models. Another
solution would be introducing springs accounting for the difference in elastic modulus
between the real and the tested chain, but this approach was out of the scope due to

time limitations.

As stated in Section 5.2, two hydrodynamic experimental campaigns have been per-
formed in two different tank facilities, Lir NOTF and FloWave OERF. The facility used
for testing is a relevant aspect of the experimental campaign and it influences the results
until a certain degree. The most characteristic difference between the two facilities em-
ployed for this study is the shape of the wave basin. Lir NOTF basin has a rectangular
shape with one of its vertices curved (Figures 5.2.5, 5.2.6, and 5.4.3) whereas FloWave

OEREF is a circular one. Accordingly, Lir NOTF basin is equipped with active-absorption
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paddles and an absorbing beach, whereas FloWave OERF relays on force-feedback active-
absorption paddles to dissipate the wave energy by generating an inverse wave which

cancels out the incoming wave.

As a result, the reflection pattern of the two facilities is notably different. As shown
in Figures 5.7.1 and 5.7.2, the quality of the regular waves is similar in both basins when
referring to the generated periods. However, the generated wave heights are closer to
the requested ones in FloWave OERF, even though both basins deliver smaller waves
than requested. Figures 5.7.3 and 5.7.5 also show lower reflections in FloWave OERF
than in Lir NOTF, and a more accurate sinusoidal shape on the crest of the generated
waves. However, an overall check of the sinusoidal shape in Figures 5.7.7 and 5.7.85.7.8
reveals that the wave shape quality is better in Lit NOFT. Regarding irregular waves
(Figures 5.7.4 and 5.7.6), both basins have similar performance, but showing higher

spectral density overtaking the target spectra in Lir NOTF.

Any inaccuracy in terms of period or wave height must be considered during the setup
of numerical models. Period and wave height inaccuracies can also lead to erroneous
RAO interpretations since the ratio between response and excitation must be reported
against the period of the excitation.

In free-floating conditions, before attaching the mooring lines, the draft of the model
was 1320 mm at both basins. Trim and heel angles were -1.4 and 0 degrees at Lir NOTF
whereas there was no trim at FloWave OERF. The trim of a floating structure is the
difference between the forward and aft draft. A negative trim means that the aft draft is
greater than the forward draft and the floating structure is usually described as trimmed
by the stern. The difference in draft shown in Figures 5.9.1a and 5.9.3 is justified because
of the trim, i.e. apparent draft in Lit NOF'T is larger than the apparent draft in FloWave
OERF, but numerically the draft is the same since the apparent draft at Lir NOTF must

be reduced by the sinus of the trim angle.

After the attachment of the three mooring line configuration, the measured draft in-
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creased in 55 and 65 mm at Lir NOTF and FloWave OERF respectively. Again, the
cause of the discrepancy lays on the fact that the floater was trimmed by the stern at Lir
NOTF. The design of the three mooring line configurations was different in Lir NOTF
and in FloWave OERF. In Lir NOTF the free-floating structure had a designed trim
that would be countered by the asymmetric three mooring line configuration described
in Table 5.7, whereas a non-trimmed floating structure was tested in FloWave OERF
along with a symmetric three mooring line configuration (Table 5.9). The only premise
when designing the two different three mooring line configurations was to maintain the
final draft constant at 1375 mm which was achieved. In Lir NOTF two extra mooring
lie configuration were tested, i.e. three mooring lines with delta connection and four
mooring lines. The draft of the DTI-F increased 5 mm when the delta connection was

attached to the system and 15 mm when the four mooring lines were connected.

In absence of underwater markers in Lir NOTF and force transducers in FloWave
OERF, correlating the data obtained from both methodologies is the only way of analysing
the pretension in both basins. Figure 5.14.1 shows the position of the underwater mark-
ers at FloWave OERF from where the amount of suspended chain can be inferred and
therefore the weight of the suspended chain which eventually will translate into preten-
sion for still water conditions. The objective when designing the FloWave OERF three
mooring line configuration was obtaining similar pretensions compared with the previ-
ous testing performed at Lir NOTF. Therefore, as expected, the pretension computed at
FloWave OERF matches the results recorded in Lir NOTF up to 97% being a 3% higher
in FloWave OERF.

The results of the quasi-static tests present an important feature of a mooring line,
the restoring force of the floating system. This is a mandatory check while validating

hydrodynamic numerical modelling.

Regarding the free decay results, no remarkable differences were found between the

two methods used to calculate the results, i.e. fitting a damped sinusoidal curve, peak
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finding plus fitting of this peaks with an exponential curve (Figure 5.13.1 and Tables 5.13,
5.14, and 5.15); however, following the common practice in testing tanks, the fitting of
a damped sinusoidal curve method was used for reporting the results (Tables 5.16 and
5.20). No remarkable differences were found between the tests conducted in Lir NOTF

and FloWave OERF with the maximum disagreement being lower than 1%.

The stiffness decay results obtained in Lir NOTF were the basis for mooring configura-
tion selection. Since the results of the oscillations tests for the four mooring lines and the
three mooring lines with delta connection configurations do not improve the resonance
properties of the system, only the three mooring lines configuration was further consid-
ered. Comparing the results obtained in both basins demonstrates how small changes in
the mooring lines lead to differences regarding the response of the floating body. The
three mooring lines configuration was longer and lighter at FloWave OERF, but most
relevant than that, at Lir NOTF the mooring system was asymmetric, i.e. one of the
lines was heavier than the other two. Even though the average suspended weight was
similar in both basins, the natural periods of oscillation were different for all the modes
of motion except heave. The other modes of motion, i.e. surge, sway, pitch, roll, and
yaw match up to 82, 67, 98, 97, and 88% respectively. The reason for this mismatch is
the fact that the heave plate intercepted the mooring line while swinging during some of
the tests, truncating the oscillatory motion as can be seen in Figures 5.13.2c and 5.13.2e.

The records of the tests performed at FloWave OERF do not present this anomaly.

As explained in Section 5.11, different RAOs can be computed from the same source
data depending on the part of the record analysed (Figure 5.11.3). RAOs are normally
used to assess the frequency-domain linear wave-body response of floating structures.
Therefore, they are transfer functions defined only when motion can be assumed linear.
Accordingly, the RAOs results presented before were computed using only the linear part
of the motions record. The trends are in line with typical results for a spar buoy wind

concept [18, 84, 85, 86].
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Assessing which part of the record is linear or not is not a trivial task. Figures 5.14.3
to 5.14.7 show how the records of a regular test can vary according to the frequency
of the excitation wave. The surge response, for example, starts in Figures 5.14.3 and
5.14.4, i.e. 0.35 and 0.4 Hz respectively, with a quasi-harmonic behaviour oscillating
up and down at wave excitation frequency during the whole record. In this case, it is
advised to analyse the beginning of the record avoiding the initial transients, i.e. from 5
to 25 s. This interval of analysis ensures the use of a minimum of two complete cycles
to compute the RAO. From 25 s onwards the record is contaminated with undesirable
hydrodynamic effects such as reflections. As the frequency of excitation is increased, e.g.
Figure 5.14.5 with a regular wave of period 0.9 Hz, the natural frequency of the mooring
line is over-imposed to the wave excitation harmonic motion. Now, the analysis must be
constrained to a smaller record, e.g. from 15 to 20 s, since with a smaller interval we can
analyse even more cycles than before while avoiding undesirable hydrodynamic effects
More complex responses are obtained for higher frequencies, e.g. Figure 5.14.6 with a
regular wave of period 1.2 Hz. As the frequency increases, the wave takes longer to reach

the model, but a few seconds of record account for several cycles.

Particularly relevant is the case shown in Figure 5.14.7. The record shown, correspond
to a regular wave with a frequency of 0.2625 Hz. Following the previous reasoning, it
is expected with a quasi-harmonic behaviour, however, this frequency is close to the
heave resonant wave condition, and non-linear behaviour arises presenting a complex

surge-pitch coupled response.

Figures 5.13.7 and 5.13.8 include the results of the random waves testing conducted in
Lir NOTF in terms of RAO. The trends match with the regular results as suggested by
the line joining both results.

The RAOs produced during the irregular wave testing conducted in FloWave OERF
are presented in Figure 5.14.14. The Figure presents the results split in modes of motion,

i.e. surge, sway, heave, pitch, roll, and yaw. However, each Figure includes the results
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from two irregular waves, i.e. Hg equal to 4.5 and 7.2 m and T}, of 8.5 and 9.5 s, for head,
bow and beam seas, i.e. 0, 45, and 90 degrees, and with and without mooring lines. This
way of presenting the results highlights the relationship existent between surge and pitch
responses since they show smaller response for beam seas than for head and bow seas, i.e.
surge and pitch motions are dominated by the wave excitation in head and bow seas. In
Figure 5.14.14a, i.e. surge RAO, leaving the wave excitation apart, the surge and pitch
resonant frequencies are also highlighted. The heave resonant frequency is also depicted
but presenting a smaller peak. In Figure 5.14.14d, i.e. pitch RAO, and again leaving the
wave excitation apart, clear pitch, surge and heave peaks are depicted.

This way of presenting the results, also draws special attention to the sway, roll, and
yaw modes of motion relationship since bow and beam seas present higher response than
head seas, i.e. sway, roll, and yaw motions are also dominated by the wave excitation
in head and bow seas. Figure 5.14.14b, i.e. sway RAQ, presents sway, pitch and heave
resonant peak along with the wave excitation. Figures 5.14.14e and 5.14.14f, i.e. roll
and yaw RAOs, show roll, surge and heave resonant peak. However, heave peaks are

relatively small.

5.16. Conclusions

Hydrodynamic testing of a 1:45 Froude scaled model of the DTI-F concept has been
carried out in two different wave basins for three different mooring configurations, i.e.
three lines distributed at 120 degrees, four lines distributed at 90 degrees, and three lines
distributed at 120 degrees with a delta connection.

The requested wave periods were adequately reproduced in both basins. However, the
wave amplitudes were 25% off at Lir NOTF, and 5% off at FloWave OERF for regular

waves, and 6% off and 18% off respectively for irregular waves.

Free decay, stiffness decay, regular wave, and irregular testing were performed. The
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hydrostatic behaviour and resonance properties of the floater were experimentally deter-
mined.

The full-scale natural period results show that all six degrees of freedom are longer
than the linear wave excitation for all the mooring configurations tested, as the ocean
waves contain first harmonic wave energy in the period range of 5 - 25 seconds. For a spar
buoy-based FOWT the natural periods in surge, sway and yaw should be larger than 100
seconds, 20-35 seconds for heave, and 50-90 seconds for roll and pitch [68]. Therefore, the
results meet the constraints specified in the relevant standards. Comparing the results
to the Equinior’s (Statoil formerly) Hywind project results [20], the DTI-F concept has
a 25% longer surge period, a similar heave period, a 75% longer pitch and roll periods,
and a 95% longer yaw period.

The damping obtained while performing decay tests has been split into its radiation
and viscous components, i.e. linear and quadratic damping, to be introduced in future
numerical modelling.

Stiffness decay tests served as justification for the mooring configuration choice. Since
no improvement regarding natural periods of oscillation was achieved by increasing the
number of mooring lines nor by including the delta connection, the three mooring lines
configuration was selected, and the four and three mooring line with delta connection
configurations were not further considered.

Regular and irregular wave tests results were discussed in terms of RAOs. The RAOs
variability regarding the part of the record used to calculate them has been discussed.

Irregular wave tests were performed for two different sea states representing two rough
operational conditions. The results give will help to validate future numerical modelling
developments.

The differences shown between the results obtained in Lir NOFT and FloWave OERF
basins are mainly due to slight differences in the scale model e.g. trim, and the different

mooring layout used.
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6.1. General

Due to the existing strong coupling between aerodynamics and hydrodynamics that the
FOWTs exhibit, it is desirable to perform fully-coupled simulations of the system. How-
ever, during the design and in the early stages of the development, the different interac-
tions explained before can be isolated and simulated independently before joining them
in a fully-coupled simulation, in order to reduce the level of complexity. This study
thus deals solely with the uncoupled hydrodynamic behaviour of the DTI-F system. To
compute the hydrodynamic behaviour of FOW'T, the literature offers a wide range of
techniques available to researchers. The most common empirical method used is Mori-
son’s equation [88]. Increasing the computational effort, the use of the Potential Flow
(PF) models to compute linear wave-structure interaction using the 3D panel method is
another widely used technique due to its well-balanced accuracy against computational
effort ratio. However, in the PF theory viscosity is ignored; if the role of viscosity is
important, Morison type models may be imposed to improve PF results. Finally, when
considering advanced numerical methods, Computational Fluid Dynamics (CFD) models
[88, 89] present a better agreement with experimental results giving details of the flow at
very local regions within the fluid domain. However, the use of CFD is limited for large
multi-body systems at early design stages may be impractical due to the computational

effort involved. This study focuses on setting up an ANSYS AQWA simulation of the
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DTI-F concept without mooring lines. Subsequently, the ANSYS AQWA results are used
as an input to simulate the platform and mooring dynamics using OrcaFlex. ANSYS
AQWA 19.1 is a commercial software package using diffraction potential theory with an
imposed Morison drag term. OrcaFlex 10.2 is a dynamic mooring analysis commercial
software package able to perform complex simulations including VIV effects among oth-
ers. Other numerical simulation tools were used to perform the whole analysis. Both
ANSYS AQWA and OrcaFlex software include drawing capabilities, but they lack mass
distribution properties calculation. Mass distribution properties such as the height of the
centre of gravity (CoG) and moments of inertia (Mol) are necessary inputs for ANSYS
AQWA, and since ANSYS AQWA provides input to OrcaFlex, these results are also nec-
essary to run OrcaFlex simulations. To calculate the initial mass distribution properties
of the full-scale system the Autodesk Inventor computer-aid design (CAD) software was
used in this study. In order to validate the initial hull design, the Bentley MAXSUREF’s
integrated naval architecture tools were used. MAXSURF ensures a fast and accurate
analysis of hull hydrostatics, equilibrium and stability including essential characteristics
such as endwise and sideways inclination (trim and heel). The modelling with MAX-
SURF was performed by a researcher at the University of Strathclyde. Therefore, only
the results that are relevant to this research will be analysed, and there is no further
reference to how to model with MAXSURF. This scheme has been followed twice in
order to produce two sets of simulations, one validated against the testing performed in
Lir NOTF and another one validated against the FloWave OERF results. Next Sections
describe the functionalities of the different software packages mentioned before. The dif-
ferent numerical tools are presented following the order in which they are used for this

investigation. The description is limited to the functionalities used during this research.

228



Modelling in Autodesk Inventor

6.2. Modelling in Autodesk Inventor

Inventor 2016 R3 is a 3D CAD parametric modelling tool. It is mainly an application
for 3D mechanical design, simulation, visualisation, and documentation developed by
Autodesk. Invertor was used to perform the baseline design of the concrete floater (Fig-
ure 6.2.1a) and the full-scale floating system (Figure 6.2.1b), i.e. substructure, ballast

water, flotation cylinder, tower, and nacelle set, i.e. nacelle, rotor, and blades, using the

dimensions presented in Section 4.2.

(a) Three quarter section view of the concrete floater and a zoom(b) Full-scale complete free floating
in the ballast water body as distributed into the floater in the  system.
raised tower and nacelle position.

Figure 6.2.1.: Baseline design of the DTI-F concept.

Complex geometries can be parametrically defined. A material density can be linked
with every different part producing a reliable computation of the overall mass, area,

volume, position of the CoG, and mass moments and products of inertia.
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6.3. Notes on the wave forces on a floating body

To compute the hydrodynamic forces due to the wave interaction with a floating body,
its inertial and viscous components must be calculated. Inertial forces, i.e. Froude-
Krylov, diffraction, and radiation forces, arise from potential flow wave theory. The
Froude-Krylov force is dominant when the characteristic dimension of the floating body,
e.g. the top cylinder diameter of the spar buoy, is much smaller than the wavelength.
It means that the floating body does not modify the incident wave field, and therefore,
the diffracted and radiated wave potential can be ignored. Contrarily, diffraction or
scattering force prevails when the characteristic dimension of the floating body is not
much greater than the wavelength, meaning that the wave field near the floating body
will be affected even if it is stationary. Radiation forces, controlled by the added mass,
damping, and restoring terms, are the results of a structure forced to oscillate at wave

excitation frequency in its 6 DoF with no incident waves (Figure 6.3.1).

DIFFRACTION RADIATION TOTAL
PROBLEM PROBLEM CONDITION

Added mass Linear wave-induced motions
Excitationloads Damping Accelerations
Hydrostatic restoring forces Structural loads

Figure 6.3.1.: Inertial forces on linear potential theory.

Viscous forces, i.e. form drag and friction drag, are associated to flow separation.
Therefore, they are relevant in the proximity of a boundary layer with small Reynolds
number, being the former the ratio of inertial to viscous forces within a fluid subjected
to relative inertial movement, i.e. different fluid velocities.

Figure 6.3.2 presents the dominant loading regimes [90] affecting a structure as a func-

tion of wave height (H), structure diameter (D) and wave length (\). The Figure shows
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the relevant hydrodynamic regimes for the structure and sea states under consideration.
The DTI-F floater falls into the ‘all inertia’ and the ‘diffraction’ regimes. For large
wavelength waves the floater behaviour will be more influenced by Froude-Krylov forces.
However, for small wavelength waves diffraction will be dominant. Moreover, for large
wave heights a small drag component should be added. Even tough survivability analysis
is out of the scope, it is worth noting that for extreme waves, i.e. waves whose height
is more than twice the Hg, the drag component grows, and viscous effect should also be

considered.
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Figure 6.3.2.: Relative importance of viscous effects and different types of potential flow
effects. Modified from [90]. The red dots represent the waves tested.

In addition, the theory used to generate waves will depend on the wave height and the
depth of the studied site. The distinction between deep and shallow water is determined

by the ratio of water depth to wavelength. In deep water, linear wave theory is valid for
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small waves. As the wave height increases Stokes theory becomes more relevant, and its
order of approximation raises proportionally to the wave height [91]. Figure 6.3.3 presents
the approximate ranges of applicability of different wave theories and the relevant ones

for the structure and sea states under consideration.
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Figure 6.3.3.: Ranges of applicability of different wave theories as a function of function of
the wave height (H), structure diameter (D) and water depth (h). Modified
from [91]. The red dots represent the waves tested.
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6.4. Modelling in ANSYS AQWA

ANSYS AQWA 19.1 is an engineering analysis suite of tools to investigate waves, wind,
and current effects on both fixed and floating structures [92, 93]. AQWA [94] uses
basic hydrodynamic 3D potential theory to calculate the motion results, and it also
uses Morison’s Equation and Morison linearization to calculate the hydrodynamic forces

(Figure 6.4.1). It assumes an ideal fluid with an existing velocity potential and uses

linear hydrodynamic theory.

WSSl Basic Theory in Aqwa

Fluid force

Hydrodynamic

Hydrostatic

Radiation force due

Wave exciting force .
to structure motion

Ambient pressure Effect of structure In-phase Out-of-phase
(incident wave or on waves (Added Mass) (Radiation damping)
Froude-Krylov force) (Diffraction)
Structural Mass
F v % M " B ' C
(o) - Mq X+ J0)x + (m).x + X

Figure 6.4.1.: Basic theory in ANSYS AQWA [94].

Three core programs within the AQWA suit have been used to compute the diffraction
analysis, the static and dynamic equilibrium positions, response amplitude operators
(RAOs) and some frequency domain as well as time-domain results. Only the diffraction
results, the RAOs and the time series for the free decay tests will be discussed in this
study.

AQWA-Line is a 3D diffraction and radiation analysis program working in the fre-

quency domain. It provides hydrostatic analysis and hydrodynamic coefficients to be
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used in other programs, both within and outwith the AQWA suit. AQWA-Librium [95]
provides the equilibrium position, the eigenvalues of the linearised stiffness matrix to ob-
tain static stability, and the static and dynamic stability results. AQWA-Fer calculates
the RAOs and motions due to high and low frequencies. The suit works under AN-
SYS Workbench project management environment [96]; therefore, the capabilities of the
above-mentioned core programs are used through two analysis systems, Hydrodynamic
Diffraction (HD) and Hydrodynamic Response (HR). The HD system provides hydro-
static results, RAQOs, radiation damping, and added mass. The HR system provides
static stability, frequency and time domain dynamic responses.

Two sets simulations were developed to assess the responses of the free-floating sys-
tem, the first one models the full-scale system whereas the second set models the scale
testing performed in Lir NOTF and FloWave OERF. Since the initial conditions were
slightly different in the two wave basins, different numerical models were developed and

subsequently validated against experimental results.

6.4.1. Modelling the DTI-F system without moorings

This Section explains the workflow to set up an ANSYS AQWA simulation under the
Workbench environment [96]. The starting point for modelling with ANSYS AQWA is
defining the geometry to analyse. As explained before, the full-scale structure was already
modelled in Autodesk Inventor. However, for the diffraction analysis a simplified version
of the CAD model was used, i.e. shell or thin solid. DesignModeller or SpaceClaim,
the CAD tools provided by ANSYS easily perform this operation. Obtaining a scaled
technical draw of the simplified version is also straightforward, being only a matter of
introducing the scaling parameter. A few critical steps must also be followed within the
ANSYS CAD systems before being able to use it as an ANSYS AQWA geometry, e.g.
the structure must be sliced by the water plane, and then the two resulting parts must

be joined together into a new part. The experiments conducted in Lir National Ocean
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Test Facility (NOTF) present an initial trim. Therefore, one of the simulations was set
up replicating this inclination in the floater.

Valid geometries can be imported from DesignModeller or SpaceClaim to the geometry
component system. The geometry component system groups all the input parameters
regarding the model geometry and the modelling of the still-water condition environment,
e.g. structural mass, position of CoG, Mol, water depth, water density, water size among
others.

Before importing the whole project information to an HD analysis system, the geom-
etry must be discretised (Figure 6.4.2). The process of discretising a geometry is called
meshing and it will affect the results if the quality of the mesh is poor i.e. elements
aspect ratio higher than 30, skewness higher than 0.9, or minimum orthogonal quality

lower than 0.15.

0.000 0400 0.800 (m)
[ - 1

0200 0600

Figure 6.4.2.: Discretization of the concrete substructure for the diffraction analysis.

Only a successfully meshed geometry can be shared between the geometry component
system and the HD system. Within the HD system, analysis settings including wave
directions and frequencies must be introduced along with all the desired results.

The results of an HD system include hydrostatic results, RAOs, radiation damping
and added mass among others. The HD system shares its results with one or several

HR systems, e.g. stability analysis, time response, frequency response. The stability

235



6. Numerical methods for the FOWT

analysis system computes the static and dynamic stability positions. Time response
systems calculate specified response time series, e.g. three different HR systems were
configured to replicate the heave, pitch and roll free decay tests conducted in Lir NOTF
and FloWave OERF. Frequency response calculates significant motions for the floating
system due to wave (high frequency) and drift (low frequency) frequencies.

The results are presented in different formats, i.e. graphical results in the screen,
exportable results spreadsheet, and output file with LIS extension (Figure 6.4.3). LIS
outputs are ASCII files containing the model definition, some analysis parameters and

the analysis results [97].

OB TANK LIBR

JOB Data Record
OPTIONS REST PBIS END

RESTART |4 5 Tanker
09 Read database

SINGLE BOX WITH LineAR MOORING

10 NONE .
1l o Data Category 9: drift motion parameters
12 NONE Data Category 10: wind and current drag
13 SPEC
: ) Data Category 11: environment
13SPDN 315.0 .
END13PSMZ 0.3000  2.0000 4.000 g.00p Data Category 12: constraints
14 MOOR Data Category 13: spectrum
14Line 1 5001 0 6001 .50E6 9.5
liee 1 5002 O GO0Z SseBe—99.5 | Data Category 14: Mooring system
END14Line 1 5003 0 6003 .50E6 9.5
TR NB new nodes needed

END15P0OS1 100.00 0.000 0.000 }s\“24222--\f;3335\§»7O'OOO
TO T

16l 200 e e .
P ‘ Data Category 15: Initial position of COG in global frame
18 NONE
19 NONE
20 NONE

Figure 6.4.3.: Detail of a LIS file with comments [97].

6.4.2. Simulations setup

Three models were developed to assess the response of the floating structure. A full-scale
model based on the dimensions calculated in Section 4.2 which is not going to be further
discussed, and another two based on the dimensions provided in Table 6.1 of Section

5.3 to replicate the testing conditions in Lir NOTF and FloWave OERF. The common
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parameters introduced in the geometry component system are presented in Table 6.2a
whereas the parameters differing in Lir NOTF and FloWave OERF are presented in
Table 6.2b.

Table 6.1.: Parameters used for the Lir NOTF and FloWave OERF numerical simula-
tions.

Scale model

Structural mass (kg) 186
Height of CoG (m) 0.447
Draft (m) 1.320
Water depth (m) 2
Water density (kg/m?) 1000
Water size (m) 0.5x0.5

(a) Common parameters.

Lir NOTF FloWave OERF
Trim -1.4 0
Lz, Iy, I, (kgm?) 126, 126, 9.8 135, 135, 10

(b) Differing parameters in Lir NOTF and FloWave OERF simula-
tions.

The Mol (I, Iyy, I.-) used for the Lir NOTF simulation correspond to the theoretical
values calculated by Autodesk Inventor while the ones used for the FloWave OERF

simulation are the results obtained during the swing testing explained in Section 5.8.

Both models present a high-quality mesh, i.e. elements aspect ratio equal to 23, skew-
ness equal to 0.7, and minimum orthogonal quality of 0.17; with a total of 39287 elements
of which 19321 are diffracting nodes. The rest are non-diffracting elements, i.e. elements
over the waterline. The maximum element size was 0.0295m allowing for a maximum
wave frequency of 3.553 Hz. These figures demonstrate that the smallest wavelength

in the frequency analysis is captured by 7-panels or 7-panel sizes fit into the smallest
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wavelength.

In both cases, eight wave directions were considered in the HD analysis at intervals of
45 degrees and ranging from 0.45 to 3 Hz at equispaced intervals of 0.16 Hz.

Three HR systems were set up to reproduce the conditions of the free decay testing
in heave, pitch and roll modes of motion conducted in both basins, i.e. Lir NOTF and
FloWave OERF. Before starting these simulations, another HR system takes care of cal-
culating the static stability position of the spar buoy using all the information introduced
before. Once the static stability position is set as initial point for the time domain simu-
lation, an initial displacement (or inclination) is imposed on the floating system and the
simulation starts. The floating body tends to return to its static stability position due
to the restoring moments showing a characteristic damped sinusoidal response.

The initial numerical model underestimated or overestimated some of the hydrody-
namic parameters. Therefore, additional damping and drag must be introduced into the
model to calibrate it against the testing records. In addition, the stiffness and the added
mass had to be tuned in order to match the testing results. Further comments on the

calibration process will be discussed later in Section 6.6.

6.5. Modelling in OrcaFlex

This Section introduces the workflow to set up an OrcaFlex hydrodynamic model. The
starting point for modelling in OrcaFlex environment is defining the floating system to
be analysed [98]. In OrcaFlex, the relevant objects to model a FOWT are the vessel, the
buoy, and the mooring line objects. Besides, a line object could be used for modelling
FOWTs, but this approach is not going to be further commented since it would model a
flexible substructure, and this is out of the scope.

The vessel object is the best suited to simulate objects behaving in the diffraction

regime although spar buoys do have limited diffraction capability. Any vessel type can
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be defined within OrcaFlex by using a diffraction code, e.g. ANSYS AQWA, WAMIT,
Sesam, to obtain stiffness, RAOs, quadratic transfer functions (QTFs) and frequency-
dependent added mass and damping. As explained before, the ANSYS AQWA LIS
results file provides all the needed parameters to set up a vessel object in OrcaFlex
automatically, i.e. the code determines the relation between the OrcaFlex vessel and
ANSYS AQWA origins and axes and uses these relationships during the import process
to set the reference origins and mass/inertia matrix appropriately in OrcaFlex [99]. The
6D buoy object can be tailored in terms of geometry and hydrodynamic parameters, e.g.
drag and added mass among others, to create hydrodynamically accurate components.

It models marine structures that can be fixed to the seabed, moored or free-floating.

The 6D buoy object uses Morison’s equation to simulate objects which are dominated
by the inertia (and/or drag) regime, i.e. FOWT characteristic diameter much smaller
than the wavelength [100]. The 6D buoy object can be connected to other objects.

Therefore, it gives rise to utilisation of hybrid buoy-vessel models [101].

The mooring line object models cables, hoses, chains or other similar devices. OrcaFlex
uses a lumped mass model to simulate the mooring lines. Each line consists of a limited
number of lumped masses (nodes) joined by massless springs systems (segments). Each
segment represents a discrete part of the line, whose properties have been lumped at the
nodes at its ends [102]. OrcaFlex uses three different spring-dampers systems (Figure
6.5.1) to model the axial and torsional stiffness and damping, and the bending properties

of the mooring lines.
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Torsion spring
S, +damper

Axial spring 7

+ damper

~ Bending springs

+dampers
n, (axial direction)

Figure 6.5.1.: Discretised mooring line model and the correspondent structural model.
Modified from [102].

Table 6.2 presents a comparison between ANSYS AQWA and OrcaFlex capabilities.
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Table 6.2.: Comparison between ANSYS AQWA and OrcaFlex capabilities. LM and FE
stand for lumped mass and finite elements respectively.

Tension/Bending/Torsion LM/FE Non-linear Stiffness
ANSYS AQWA Yes/Yes/No LM Yes
OrcaFlex Yes/Yes/Yes LM Yes

(a) Dynamic cable solver.

Diff/Rad Morison Diff/Rad Input 2"? order Wave Effects
ANSYS AQWA Yes Yes No Yes
OrcaFlex No Yes Yes Yes

(b) Hydrodynamic analysis.

Linear Stokes Stream Irregular
ANSYS AQWA  Yes 2nd Yes Yes
OrcaFlex Yes 5th Yes Yes

(c) Wave theory.

6.5.1. Modelling the DTI-F in OrcaFlex

As introduced earlier, there is a variety of options to model FOWTs. Models relying
on 6D buoys are the optimal choice for slender structures. When a floating structure
increases its characteristic diameter until a certain threshold, a vessel object will better
capture the diffraction and radiation effects. Therefore, 6D buoys have been the choice
for most of the studies on spar buoy-based FOW'Ts since spar buoys have a limited
diffraction capability. However, as shown in Figure 6.3.2, the DTI-F concept lays on the
diffraction regime for high-frequency waves. Consequently, a hybrid buoy-vessel model
has been developed to properly account for all the inertia components using both a vessel
and a 6D buoy objects, rigidly connected to the vessel.

The first step to set up a hybrid buoy-vessel simulation is to model the floating structure
as a vessel, and then connecting the mooring lines. Then, a 6D buoy must be connected
to the vessel origin. It should be noted that vessel objects can be only ‘master’ objects,

i.e. vessel object cannot be connected to another object and become ‘slave’. Therefore,
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the mooring lines must be also connected to the vessel object.

The 6D buoy object will deal with the mass, the mass moments of inertia and the
position of the CoG whereas the vessel object will allocate the hydrodynamic stiffness,
added mass, and damping. Therefore, the mass properties will be set as negligible in the
vessel and the 6D buoy will lack stiffness, added mass, damping which will be provided
by the vessel object.

To properly replicate testing results, the vessel must be set up to i) include the six DoF
in the static analysis, ii) to ‘Calculated (6DOF)’ for the primary motion, iii) to ‘None’
for the superimposed motion; and turn on all ‘Included Effects’.

Regarding the modelling of the mooring lines, a dynamic approach was adopted. How-
ever, before the dynamic analysis takes place, the static equilibrium position must be
obtained by using an iterative process. Performing a robust and accurate statics conver-
gence solution will save time during the simulation since un-necessary transients will be

avoided [103].

6.5.2. Simulation setup

Two different models were developed to simulate the testing campaigns conducted in Lir
NOTF and FloWave OERF.

Both models share the same general setup, including the implicit integration method
and the international system of units. However, they have different geometries since the
experiment in Lir NOTF was performed with -1.4 degrees of trim. These geometries are
linked to vessel objects.

The OrcaFlex vessel object receives inputs from the LIS file generated in ANSYS
AQWA. Therefore, most of the parameters will be properly and automatically input in
the right place by the importing tool. It is strongly advised to double-check that every
value is correctly input regarding reference origins and axis. Some of these values must

be redistributed in the 6D buoy object and set to zero in the vessel object, as explained
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before.

Setting up the mooring lines will be the main task in OrcaFlex (Figure 6.5.2). After
placing a line object in the model environment, the type of mooring line, the number of
different sections, and the length of each section must be provided. Generic values for
catenary lines can be obtained directly from the Line Type Wizard tool within OrcaFlex,
but since the provided parameters are generic using real data pertaining to the chain
would be a better approximation. The DTI-F models incorporate as much manufacturer-
provided parameter as has been possible. Moreover, the relevant testing was conducted
to ensure maximum reliance with the input parameters and avoiding differences between

experimental and numerical setup.

Once the first line object is configured and connected to the vessel and the anchoring
point, a useful Rotation tool helps to symmetrically distribute the rest of the lines,

fairleads, and anchoring points.

At this stage, the model is ready to perform the static analysis. If the results of
the static analysis are satisfactory, the model is ready to execute the dynamic analysis.
However, before conducting the dynamic simulation, it is possible to check the pretension
existing on the floating system. If the pretension values are no accurate enough, OrcaFlex
provides the Line Set-up Wizard tool which, given a certain pretension value, adjusts the
length of the line or the position of the anchor point to match that pretension value. The
Line Set-up Wizard tool was used to match the pretension level in the model simulating

the experiments conducted in Lir NOTF since there were available load cell readings.

Another important check before conducting the dynamic simulation would be the
mooring stiffness. The mooring stiffness provides the restoring forces/moments for surge,
sway, and yaw modes of motion. The combination of pretensions and mooring stiffness
matching the experimental setup, along with a reasonable floating object model leads to

an accurate and high-performance dynamic simulation.

243



6. Numerical methods for the FOWT

Name: Include Torsion: Top End: P-y Model: Wave Calculation Method:
Linel I No - EndA - (none) - Specified by Environment =
End Connections:
Connect to “ Position (m) zrelative | Height above Orientation (deqg) Release at
End Object X v z to seabed (m) Azimuth Declination | Gamma Start of Stage
A | DTI-F 7 0.749 0.000 -0.473 0.00 0.00 0.00 ~
B | Anchored 7 5.000 0.000 0.000 -0.0025 0.00 0.00 0.00 ~
End Connections Stiffness: Statics:
stiffness (kN.m/deg) Included Statics Methods Include Seabed | Lay Azimuth As Laid
End % bending y bending Twisting in Statics Step 1 Step 2 Friction (deg) Tension (kN)
A 0.00 v| ~ hd ~ Catenary ~ || Full Statics | ¥ 180.00 0.000
B 0.00 | ~ - -

Set Lay Azimuth

StI’UCIUfE‘ Feed'\ngl Pre-bendl Mid-line Connections Attachmentsl Contentsl Applied Loadsl Statics Convergencel Fluid Loadsl VIV | Resu?tsl Draw'\ng‘

Sections: Total length = 5.700m
Line Section Expansion Target Segment | Mumber of Clash Cumulative Values
No. Type Length (m) Factor Length (m) Segments Check Length (m) | Segments

1| sectionl - 0.380 | ~ - 0.100 4 4 0.380 4
2 | section2 &2 1.630 | ~ - 0.100 16 % 2.010 20
3| section3 7 3.690 | ~ i 0.100 37 5.700 57

The segmentation is determined by specifying either segment length or the number of segments. Click here for detais.

Lne Types... | | Attachment Types... | | Py Modes.. | [ WakeModek... | [ sHEAR7 Data.. | [ vivaData.. | [ ProfieGraph | [ ok | [ cancel | [ net

Figure 6.5.2.: Screenshot of the line data editor within OrcaFlex.

Regarding the environment, the dynamic viscosity of the water and the density must
be setup. It can seem trivial, but normal full-scale simulations use a water density of
1025 kg/m3 corresponding to seawater, whereas scale testing simulations use freshwater
density, i.e. 1000 kg/m?. Other line-seabed interaction parameters can be defined along
with the wave regime, currents and wind. The present study uses generic line-seabed

interaction parameters and does not account for current or wind loading.

The waves were produced specifically to match every single experiment using the ad-
equate wave theory as shown in Figure 6.3.3. The JONSWAP spectrum was used to
generate the appropriate random seas. The irregular waves tested were simulated for
three hours as the international standards recommend. It was ensured that the H,,,; in
each simulation was larger than 1.87 times Hy for every JONSWAP spectrum tested. Six
seed were used for each wave condition and only the maximum responses were extracted

to evaluate the global performance at this stage.
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6.6. Results and validation

This Section will present the results of the numerical models developed to simulate the

Lir NOTF and FloWave OERF experimental campaigns.

6.6.1. Simulation of the Lir NOTF experiments

The draft in still water conditions was matched by the numerical models. Both ANSYS
AQWA and OrcaFlex have shown excellent agreement with the testing records without
and with mooring lines attached respectively. As stated before, the trim was imposed in

both models.

The initial pretension calculated by the numerical model was between 4 to 6% off in
comparison to the pretension recorded in the basin. Therefore, the pretension listed in
Table 5.12 of Section 5.13 for the three mooring lines configuration, i.e. 11.2, 7.3 and 8.0
N, were introduced using the above-mentioned Line Set-up Wizard tool in the numerical
model. The tool changed the anchor points location to match the provided pretensions.
The maximum change in the position of the anchor point per component was 32 mm
which correspond to a 0.8% of the total distance between the vertical of the floating
body and the initial anchoring point.

Table 6.3 presents the natural period of oscillation (w,) and damping coefficients ()
computed by ANSYS AQWA compared with the testing results. Figure 6.6.1 depicts the
results of the ANSYS AQWA simulation of the free decay testing in heave, pitch, and
roll modes of motion compared with the testing results. Table 6.4 presents the simulated
natural periods of oscillation and the damping coefficients of the DTI-F system for the
three mooring lines at 120 degrees configuration compared with the testing results. Figure
6.6.2 shows the results of the numerical model simulating the stiffness decay test of the
DTI-F system for the three mooring lines at 120 degrees configuration in heave, surge,

and sway compared with the testing results.
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Figure 6.6.1.: Free decay simulation validated against the testing results.
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Table 6.3.: Resonance properties of the free floater.
ANSYS AQWA Free decay test % difference
Jo (Hz) — C () fn (Hz) ¢(-) fa(%0) ¢ (%)

Heave 0.235 4.14x10-3 0.235 4.40x10-3  0.00 5.91

Pitch 0.122 8.11x10-4 0.122  8.00x10-4  0.00 1.38

Roll 0.122 7.61x10-4 0.122 8.00x10-4 0.00 4.88

Table 6.4.: Resonance properties of the DTI-F system.
ANSYS AQWA Free decay test % difference

fnHz) () fuHz) () ful%) ¢ (R)

Surge  0.039  1.91x10®  0.040 1.97x102%  2.50 3.05

Sway 0.066  2.37x102%  0.066 2.17x10  0.00 8.44

Heave 0.235 3.78x10%  0.238  3.54x103  1.26 6.35

Pitch ~ 0.076  1.54x10  0.076  1.23x103  0.00  20.13

Roll 0.074 1.28x10  0.073  1.01x10® 1.35  21.09

Yaw 0.056  1.36x10%  0.055  1.79x10° 1.79  24.02
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Figure 6.6.2.: Stiffness decay simulation results for the three mooring lines at 120 degrees
configuration compared with the testing results.
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Figure 6.6.2.: Stiffness decay simulation results for the three mooring lines at 120 degrees
configuration compared with the testing results.
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Figure 6.6.3 presents the calculated RAOs for the three mooring lines at 120 degrees
configuration in surge, sway, heave, roll, pitch and yaw. Figure 6.6.4 shows the results
of a regular wave test simulation with a wave height of 44 mm and a period of 2.22
s and an irregular wave (JONSAWP spectrum with wave significant height of 40 mm
and a peak period of 0.89 s) in terms of wave elevation, surge and the pitch responses,
both compared with the testing results. Figure 6.6.6 shows the spectral densities of the

irregular wave time series depicted in Figure 6.6.5.
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Figure 6.6.3.: Simulated and experimental RAOs.
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Figure 6.6.5.: Simulated and experimental irregular wave testing responses.
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Figure 6.6.6.:
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6.6.2. Simulation of the FloWave OERF experiments

The draft in still water conditions was perfectly matched with the numerical models.
Both ANSYS AQWA and OrcaFlex have shown excellent agreement with the testing

records without and with mooring lines attached respectively.

Since the testing setup used in FloWave OERF did not include force transducers, no
mooring tension records are available, and therefore the pretension either. However, the
experimental setup included underwater cameras able to trace the underwater markers
installed in Line 1. Processing the position of the underwater markers, the catenary shape
can be envisaged, and therefore pretensions can be estimated. Figure 6.6.7 presents
a comparison of the simulated versus experimental mooring line shape in still water

conditions, and Figure 6.6.8 presents the results of the simulation of the quasi-static test.

Figure 6.6.9 shows the results of the simulation of the free decay testing, and Table
6.5 presents the numerical modelling damping and natural period of oscillation results
of the free-floating system. Table 6.6 and Figure 6.6.10 present the simulated results of

the stiffness decay testing.

A comparison of the simulated RAOs for the free-floating and moored conditions val-

idated with the regular testing results is depicted in Figures 6.6.11 and 6.6.12.

Table 6.5.: Comparison of the simulated resonance properties of the free floater and test-
ing results.

ANSYS Free decay % difference % difference with
AQWA tests with testing Lir NOEF model

fn (8) ¢ () fn (8) ¢ () fa(s) C() fa () ¢ ()
Heave 0.235 4.18x10 0235 4.40x102 0.00 5.00  0.00 0.96
Pitch 0.122 8.06x10* 0.122 8.00x10* 0.00 0.74 0.00 0.62
Roll  0.122 7.96x10* 0.122 8.00x10* 0.00 0.50 0.00 4.62
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Figure 6.6.11.: Simulated RAOs for the free-floating condition
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Table 6.6.: Comparison of the simulated resonance properties of the moored DTI-F sys-
tem.

OrcaFlex Stiffness decay test % difference
faHz)  C() fa(H2)  C() fo ¢

Surge 0.032 3.86x103 0.032  4.10x10® 0.00 3.50
Sway  0.025 3.75x107°  0.026 4.10x10-3 4.00 9.33
Heave 0.237 3.80x102 0.236 3.56x10-2 042 6.32
Pitch  0.132 7.46x102 0.132  9.25x102 0.00 7.67
Roll  0.131 8.92x10% 0.132 8.11x103 0.75 9.08
Yaw  0.048 1.13x102% 0.049 1.10x102% 2.04 2.56

Figure 6.6.13 shows the results of a regular wave test simulation with a wave height
of 40mm and a frequency of 0.3 Hz in terms of wave elevation, surge and the pitch
responses, both compared with the testing results. Figure 6.6.14 presents the same

results for another wave with the same wave height and a frequency of 1.2 Hz.

Figure 6.6.15 shows the wave height, heave, pitch, and surge responses for an irregular
wave experiment with 101 mm of wave height and a peak period of 1.27 s. Zoom in view

of the time series is also provided to better assess the level of agreement.

Figure 6.6.16 presents the wave height, heave, pitch, and surge spectral density for an
irregular wave test with 101 mm of wave height and a peak period of 1.27 s. Vertical

dotted lines highlight the peak responses and the resonant frequency is also provided.

In Figure 6.6.17, the non-dimensional displacement calculated from the irregular sea
simulations with a significant wave height of 4.5 m and a peak period of 8.5 s are depicted

along with their equivalents recorded during the testing.
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6.7. Discussion

This Section presents the discussion of the results presented in the previous Section, i.e.

Results and validation.

The building process of a hydrodynamic simulation started defining the geometry to
be analysed. Beyond the direct output of a CAD tool, i.e. the scale model draws or
virtual geometry, which is fundamental to perform a simulation, the geometry model can
compute the position of the CoG and the Mol of the geometry. These parameters are
critical for the correct setup of posterior hydrodynamic models. However, they must be
validated against experimental data as shown in Section 5.3. The hydrodynamic models
simulating the experiments conducted in Lir NOTF used the virtual mass properties
as calculated by Inventor since the relevant testing to validate the mass properties was
performed afterwards as part of the FloWave OERF campaign. On the other hand, the
hydrodynamic models simulating the experiments conducted in Lir NOTF used the val-
idated mass properties. The virtual mass properties as calculated by Inventor and the
experimental value show agreement up to 92%. Therefore, it is not expected significant
differences in hydrodynamic response due to the differences in mass distribution proper-
ties. Compared with the design values presented in Section 4, the CAD calculated mass
distribution properties, i.e. position of the CoG and the Mol, present an agreement of
up to 89%. Differences arise because the parametric design tool accounts only for simple
geometries such as cylinders or frustum i.e. shapes that can be parametrised analyti-
cally, while the CAD tool considers real-live objects joining surfaces smoothly and using
sophisticated tools like sweep, revolve, or chamfer allowing to perform a more accurate

representation of the floating system.

As mentioned in Section 5.15, during the testing conducted in Lir NOTF the free-
floating structure had a designed trim that would be countered by the asymmetric three

mooring line configuration. In order to calculate accurately the trim of the floater, and
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therefore, the needed difference in mass per unit of length in the mooring lines to account
for the trim and leave the structure completely vertical, a MaxSurf model was used. The
mass model was also useful to calculate the mass relocation for the second testing where
there was no trim and the mooring system was symmetric, i.e. the three mooring lines

are identical.

ANSYS AQWA was used to compute the diffraction and radiation analysis of the
DTI-F scale model since Figure 6.3.2 shows how the DTI-F scale model behaves within
the diffraction regime for some of the wave’s condition tested. Moreover, for the random
wave experiments with higher wave heights, the scaled model lays within the large inertia
regime with small but not negligible drag. Therefore, a drag component must bet set up
to account for the large inertia regime while modelling experiments with random waves.
The initial draft is input in ANSYS AQWA; therefore, it does not need to be validated.
However, the model calculates the unbalanced forces by checking that the centre of
buoyancy (CoB) and CoG are aligned, and their magnitudes are counteracted at the
defined draft line. These values are reported as the ratio of the out of balance forces in a
certain degree of freedom divided by the total mass of the floating system and are in the
order of 10 for the X and Y-components and 109 for the Z-component, meaning that
the out of balance forces are negligible. It is worth to state that the numerical model
simulating the experiments conducted in Lir NOTF had out of balance forces up to
16% higher than the numerical model simulating the experiments conducted in FloWave
OERF, even though they both remain in the above-mentioned orders of magnitude. This
difference stems from the difficulties of modelling a floating body with an initial trim in
ANSYS AQWA which makes it more complicated to produce a geometry that remains

stable in still water conditions.

The initial ANSYS AQWA models had to be adjusted in terms of damping, hydro-
dynamic stiffness and added mass in order to match testing free decay results. Due to

the theory used, ANSYS AQWA does not account for drag and underestimates damping.
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Drag is important for matching time series and damping contributions to the diffrac-
tion analysis are important. Therefore, special care has been taken while tuning the
damping and drag in ANSYS AQWA. In the Lir NOTF model, 20 N/(m/s) of frequency-
independent damping was added in heave, whereas 0.030 and 0.035 N/(°/s) were added
in pitch and roll modes of motion. Moreover, the hydrodynamic stiffness was reduced
in the heave mode of motion by 0.39% of the originally calculated by the code. Small
corrections, i.e. 0.0019%, were also applied in the pitch and roll hydrodynamic stiffness.
The added mass had to be modified by 0.96% in the heave mode of motion, and 0.16%
in the pitch and roll modes of motion. In the FloWave OERF model, 36 N/(m/s) of
frequency-independent damping was added in heave, whereas 0.042 and 0.044 N/(°/s)
were added in pitch and roll modes of motion. The added mass had to be increased by

0.88% in the heave mode of motion and 0.13% in the pitch and roll modes of motion.

The calibrated models simulated free decay time series showing excellent agreement
with the testing results for both experiments, i.e. Lir NOTF and FloWave OERF. Simu-
lated free decay natural periods match perfectly testing results, whereas damping ratios
match up to 95% in the worse cases, i.e. roll mode of motion. The overall matching of the
simulated time series shed correlation values of 0.9975 for the free decay tests performed
in Lir NOTF and 0.9925, 0.9971, and 0.9986 for the heave, pitch, and roll experiments
conducted in FloWave OERF.

The high degree of matching between testing responses and simulation results indicates
that the diffraction analysis results will be adequate input for the following hydrodynamic
model developed in OrcaFlex.

To properly replicate testing results in OrcaFlex, after introducing all the diffraction
analysis results from ANSYS AQWA, the calculation on the vessel object must be set up
to 1) include the six DoF in the static analysis, ii) to ‘Calculated (6DOF)’ for the primary
motion, iii) to ‘None’ for the superimposed motion; and turn on all ‘Included Effects’.

Calculated primary motion will let the floating system respond to the tensions in the
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moorings. In addition, the floating system’s motion contributes to tension and curvature
in the moorings. Adding all the possible included effects will ensure that first-order wave
loads, added-mass and damping effects are considered along with second-order loads, i.e.

slow drift and sum-frequency loads.

Before starting with the dynamic simulations, static and quasi-static checks are needed.
Since the pretension has been input in the Lir simulation, it does not require any further
checking. However, for the FloWave OERF simulation, there were not available mooring
line tension readings. Therefore, Figure 18 presents the fitting between the underwater
markers position records with the static results computed by OrcaFlex. The results
suggest that an appropriate equilibrium position has been simulated. On the other hand,
the quasi-static test simulation presents discrepancies with the simulated data. However,
given that the greater discrepancies are within a range of tensions away from the testing

tensions, i.e. 0 to 20 N, is assumed that the modelled axial stiffness is acceptable.

Once the static and quasi-static checks are done, drag coefficients and linear and
quadratic wave frequency damping coefficients were set up. The radiation and viscous
damping coefficients were calculated during the experimental campaign as explained in
Section 5.10.1. Drag coefficients, on the other hand, were specified by using the trial and
error method until the value produces a response matching the model test results. The
normal drag coefficients providing the better fit to the experimental results were 0.78
and 0.74 in Lir NOTF and FloWave OERF respectively, while values of 0.008 and 0.01
were applied in the axial direction.

The results of the stiffness decay simulations present a high level of agreement when
compared with the experimental results. The simulated stiffness decay time series corre-
late with the experiments conducted in Lir NOTF up to 0.9501, 0.9153, 0.9975, 0.8937,
0.9543, and 0.9737 in surge, sway, heave, pitch, roll, and yaw respectively. The correlation
increases until 0.9972, 0.9838, 0.9881, 0.9992, 0.9942, and 0.9825 for surge, sway, heave,

pitch, roll, and yaw modes of motion when compared with FloWave OERF experimental
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results.

Regardless of the agreement shown between simulated and experimental stiffness decay
results, it is worth mentioning the abnormal response shown in the experimental record
for the surge mode of motion (Figure 6.6.2a) during the experiments conducted in Lir
NOTEF. After being hit by the wave, the model moves in the positive surge direction,
i.e. dragged by the wave, until the mooring line tensions counter the inertia induced in
the model by the wave. Then the model stops, and the restoring tensions induced by
the mooring line in the model force the model to come back to the still position. After
that, the model is supposed to repeat this behaviour in the negative surge direction,
i.e. oscillates, as shown in Figure 6.6.10a during the experiments conducted in FloWave
OERF. However, before reaching equilibrium between the inertia induced by the waves
and the mooring tensions, i.e. the stop point mentioned before, and come back to the
still position again, the model stops and moves back for approximately five seconds, and
then continues the cycle normally. After reviewing, the tension records and the videos
of the testing, it was concluded that the abnormal response was due to the mooring
lines intercepting the model path during its negative surge direction excursion. It is also
important to notice, how this event induces anomalous responses in sway, pitch, and roll
responses, although, it does not affect excessively the resonance properties of the floating

system.

Stiffness decay tests served as justification for the mooring configuration choice. Since
no improvement regarding natural periods of oscillation was achieved by increasing the
number of mooring lines nor by including the delta connection, the three mooring lines
configuration was selected. No further investigation regarding the other mooring line con-
figuration was conducted for the tests performed in Lir NOTF, and the testing conducted

in FloWave OERF only included the selected mooring line configuration.

Regarding the wave quality, the simulated wave periods were adequately reproduced,

but the amplitudes were adjusted to produce a wave as similar as possible to the tested
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one. However, the experiments conducted in FloWave OERF at high frequencies, e.g.
Figure 6.6.14, present discrepancies which can lead to inaccuracies on the simulated

responses.

The simulated RAO values match adequately with those from experiments. Figure
6.6.3 presents the computed transfer functions compared with the experimental points
produced while testing in Lir NOTF. Only the moored condition with the three mooring
lines configuration in heading seas, i.e. a wave heading of zero degrees, was further
analysed. Shapes and trends match satisfactorily. However, the testing capabilities were
not able to produce waves with the relevant periods to validate the resonant properties,
i.e. from four seconds on. Since the experiment in FloWave OERF only focused on the
three mooring lines configuration, extensive results were produced. Figures 6.6.11a and
6.6.12 present the simulated RAOs against the experimental ones for the free-floating and
moored conditions in heading seas. Figures 6.6.11a and 6.6.12a show the heave resonant
peak at 0.24 Hz whereas other modes of motion resonant peaks remain outside of the
tested range. Figures 6.6.11c and 6.6.12c deserve special mention due to the existence
of a resonant peak, i.e. 0.678 Hz, away from the natural frequency of oscillation in the

pitch mode of motion.

RAOs validation implies that the numerical model performs well from an overall point
of view under monochromatic regular wave excitation. Therefore, it is expected that
the simulated response time series under regular wave loading match the testing records.
Hitherto, the correlation concept, i.e. how strongly pairs of variables are related, has
been used to compare different time series. However, for the regular and irregular wave
cases, the root mean square error (RMSE), is the measure of agreement adopted. For the
experiment conducted in Lir NOTF the RMSEs between the simulated time series and
the testing responses are 0.0067, 0.0601, and 0.0588 for the wave elevation, the surge, and
the pitch records respectively. The RMSE values computed for the experiment performed
in FloWave OERF are 0.0037, 0.0122, 0.0245, and 0.0098 for the wave height, the heave,
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the pitch, and the surge responses respectively.

Fitting the numerical model to testing responses under random wave loading is a
complex task. Irregular waves, containing several different frequencies, make arise non-
linearities in the responses and they are difficult or impossible to replicate. Moreover,
for the simulation of the Lir NOTF results the numerical simulation was not forced to
produce the same wave profile. Therefore, the simulated time-series do not match the
experimental responses although the frequency of the numerical response fits well with the
experimental one. However, the simulated and experimental wave height, surge, and pitch
spectral density graphs (Figure 6.6.6) show good agreement between the experimental
results and numerical simulations. Moreover, Figure 6.6.6 depicts the wave resonant peak
at 0.89s in all the subplots, and subplot b and ¢ show surge and pitch peaks in 0.04 and

0.13 Hz respectively.

For the simulation of the FloWave OERF results, the numerical simulation was forced
to replicate the random wave profiles used while testing. By using this approach, a
better fit with testing results can be obtained, and the use of the RMSE as a measure
of goodness of fit is consistent again. The RMSEs between the simulated time series
and the testing responses for the FloWave OERF experiments are 0.0013, 0.0496, 0.0572,
and 0.0334 for the wave height, the heave, the pitch, and the surge modes of motion.
The simulated and experimental wave height, heave, pitch, and surge spectral density
plots (Figure 6.6.16) present a high level of agreement and complete match regarding
resonance peak location. Moreover, the RAO values computed using irregular wave time
series from both experiments and OrcaFlex simulation are shown in Figure 6.6.17 for a
sea state with significant wave height of 4.5 m and a peak frequency of 8.5 s showing a
good match in terms of frequency peak location. However, there is a mismatch between

the signals due to the noise associated with the measurements.
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6.8. Conclusions

Numerical simulations of the testing campaigns presented in the previous Chapters have

been performed showing a high degree of matching with the experimental results.

ANSYS AQWA has been employed to perform a diffraction analysis of the scaled
DTI-F system since it lays in between the ‘all inertia’ and ‘diffraction’ regimens. ANSYS
AQWA was also used to simulate the two sets of free decay testing performed in Lir
NOTF and FloWave OERF respectively. The initial model was slightly calibrated to
match the experimental time series. The results of the free decay simulation present
good agreement with experimental data and reproduce accurately natural frequencies of

excitation and damping ratios.

OrcaFlex was used to perform further hydrodynamic calculations. The ANSYS AQWA
diffraction outputs were successfully imported within the OrcaFlex environment. The ini-
tial OrcaFlex model was calibrated in terms of drag coefficients and linear and quadratic
wave frequency damping coefficients to better match the experimental time series. Or-
caFlex matches satisfactorily the pretensions, shapes, and stiffness of the mooring lines
when compared with testing results. The results of a chain axial stiffness test were fed
into the model. After completing the set up the numerical model, free and stiffness decay
essays and regular and irregular wave experiments were simulated presenting very good

fit with experimental results.

The stiffness decay simulated responses fit better with experimental results obtained
in FloWave OERF since developing a numerical model of a straight cylinder is easier

than for a trimmed structure as the one considered in Lir NOTF.

The simulated RAO values match well with the responses recorded during the ex-
perimental campaigns regardless of their origin, i.e. regular or random wave computed

RAOs.

The RAO values computed from irregular waves help to validate the simulated RAOs
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in the frequency ranges falling out the performance of the basin. The dynamic responses
are acceptable even tough further design iterations are needed to optimise the dynamic
behaviour of the FOWT. Given the overall results presented before, it must be concluded
that the two different three-mooring lines configurations tested, i.e. asymmetric lines with
trim and symmetric lines without trim, does not change the results noticeably.

In summary, the numerical models developed matched accurately the experimental
results. Therefore, it must be concluded that the numerical models are acceptable to
continue the research by coupling them with the aeroelastic model developed in Chapter

3.
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7. Conclusions

Floating offshore wind has made considerable progress towards commercialisation since
the first floating wind farm started to produce power to the electrical grid in 2018.
However, since floating offshore wind turbines (FOWT) are a relatively new technology,
there are still many fields where further research is required. Therefore, FOWTs are still
subject to research and development activities, including investigations from feasibility
studies of new concepts, such as the one presented in this thesis, to the optimisation of
a specific sub-system of a FOWT among many other research topics.

The present study is a step forward in the development of FOWTSs since it presents
parts of the early design loop of a new floating structure belonging to the spar buoy type
but with a wider diameter compared to existing spar buoy designs.

This work aims to advance the development of the DTI-F concept, a floating substruc-
ture able to raise and lower the tower and nacelle set for effective cost reduction during
construction, installation, maintenance and decommissioning. The main objective is to
increase the TRL level of the DTI-F concept from 1 to 3.

Therefore, an aeroelastic numerical model of the Levenmouth wind turbine (WT) has
been developed to calculate the required inputs for the subsequent stability and struc-
tural analysis. As a result, the functional load-matrix of the Levenmouth WT has been
released. The initial design of the floater has been carried out using a series of numerical
and experimental methods. The experiments were also used to validate the numeri-

cal model developed in this thesis. In summary, the DTI-F concept has evolved from
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TRL 1 to 3 delivering valuable information regarding the Levenmouth WT aeroelastic

phenomena and the hydrodynamic responses of a wide spar buoy type FOWT.

7.1. Numerical methods for aeroelastic analysis of wind

turbines

To understand the behaviour of a large-scale W'I', a stable and reliable aeroelastic numer-

ical model of the Levenmouth WT was developed using the open-source NREL FAST

code.

The results of the numerical simulations were compared with the commission-

ing results simulated with another commercial code. As a result of the development of

the NREL FAST simulation of the Levenmouth WT and the analysis of the simulation

results, the following research contributions were found:
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e The thrust at rated wind speed calculated with the aeroelastic numerical model

is 18.5% larger than the estimates obtained using a simpler approach. The accu-
rate estimation of the thrust value is crucial for the initial stability calculations
because underestimating this value will lead to undesirable major problems in later
stages, e.g. underestimation of mean trim, inaccurate input data for the subsequent

hydrodynamic database, which may lead to platform instability.

The functional load matrix of the Levenmouth WT has been calculated and re-
leased. The load-matrix is needed to perform the structural analysis of the floater
and will influence the total mass of the floater allowing for a realistic floater sizing

based on the use of the Levenmouth 7MW WT.

Discrepancies were found between the results of the aeroelastic model developed
within this research and the commissioning results of the Levenmouth WT. The
differences arose due to (i) the different approaches used by the different codes

to perform a particular calculation, e.g. different structural analysis approach,



Baseline design

different aeroelastic theories, different discretisation of the aeroelastic loads, (ii)
the differences existing in the structure studied, e.g. different substructure, and

(iii) the use of a different controller.

e Given the above-mentioned differences, further work should validate the results of
the simulations against the Supervisory Control And Data Acquisition (SCADA)

measurements.

It is worth noting that no fine-tuning has been performed in the aeroelastic numerical
model developed in this work to match the commissioning results since the commissioning
results are not validated. Moreover, the aeroelastic model developed in this work rep-
resents the as-built system of the Levenmouth WT in Fife, whereas the commissioning

model considered a generic deployment site.

7.2. Baseline design

Using the results produced during the aeroelastic simulations, the baseline design of the
DTI-F concept was developed using a parametric approach. The parametric design tool
developed allows meeting the objectives in terms of draft reduction while fulfilling the
special requirements of the DTI-F concept, i.e. enough floatability of the floating cylinder
to lift the tower and nacelle set and enough ballast water to float the floating cylinder
within the spar buoy, and satisfying all the initial stability requirements. As a result of
several iterations, a suitable baseline design has been proposed and the following results

have been obtained:

e An original spar-type floater design with a reduced draft and a wider diameter than
the current spar buoy designs in the market. The new design will allow studying
the behaviour of wider spar buoy floaters to be used in FOW'Is. The draft of the
spar was reduced from 80 to 62 m achieving the initial objective. The final spar

diameter was set at 15 metres.
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e A novel floater design has been developed meeting the requirements regarding the

GM position but minimising the value to improve the dynamic behaviour of the
FOWT system. The floater also fulfils an internal requirement stating that the
righting moment of the system shall be equal or greater than 130% of the area

under the wind heeling moment previously calculated.

A heave plate was designed to provide the required additional added mass to the
floating system helping to shift forward the heave natural period. The design
natural periods of the floater are far away from the linear wave excitation for all

the DoFs.

Using the results from external structural analysis, a wall thickness of 350 mm
was selected. The structural analysis considered bending, shear, and torsion loads

throughout the floater.

The design maximum angle of inclination of the floating system has been kept
under 4.5 degrees leading to a high stiffness structure. The maximum accelerations
recorded in the nacelle were 2.4 m/s2 meeting the guidelines imposed in the design

basis.

Three different mooring line configurations were designed and optimised to reduce
the surge, sway and yaw responses avoiding excessive stress on the export cable.
Two designs including three lines and one using four lines were considered. Each

mooring line has three different types of chains.

A suitable anchor system was designed to keep the system in place. Thirteen tonnes

of nominal weight drag anchors were selected.

Construction and deployment methods have been outlined and the required drafts
for each construction stage have been calculated showing a floating system with

the potential of being built in relatively shallow sites.



Experimental methods and analysis techniques for FOW'T

7.3. Experimental methods and analysis techniques for

FOWT

Following the baseline design developed using a parametric approach, a 1:45 Froude
scale model was designed, constructed, and subsequently tested in two experimental

campaigns. The following contributions to knowledge were made:

e As aresult of the free decay testing performed in Lir NOFT, the natural periods of
oscillation of the free floater were calculated and scaled up to full-scale. The results
at full-scale were 28 seconds in heave and 54 seconds in roll and pitch meaning that
the initial floater design presented natural periods of oscillation far away from
the linear wave excitation range. Therefore, the initial design met the constraints

specified in the relevant standards.

e The damping ratio of the floating system was also calculated showing up to a 4.4%
damping in heave due to the heave plate. The damping calculated ratio was in
line with other dampings reported for similar configurations and highlighted the
benefits of using a heave plate to increase the heave damping and therefore reduce

the heave responses.

e The free decay test performed in FloWave presented the same results shown during
the tests performed in Lir NOFT except for the natural periods in roll and pitch
that were 50 seconds, meaning a 92.6% of agreement between both tests. The high
level of agreement between the two testing campaigns validated the experimental

results even tough slightly different setups were tested.

e Asaresult of the stiffness decay testing performed in Lir NOFT, the natural periods
of oscillation of the moored floater at full-scale were calculated for three different
mooring configurations. The three mooring lines without delta connection config-

uration was selected among the other two options proposed, i.e. ‘three mooring
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lines with delta connection’ and ‘four mooring lines configuration’, due to a lack
of improvement in terms of the natural period of oscillations. The selected moor-
ing configuration, shown the same heave natural period of oscillation calculated
in the free decay test, i.e. 28 seconds, whereas the pitch and roll natural periods
decreased until 50 seconds. Surge, sway, and yaw natural periods were 169, 102,

and 121 seconds, respectively.

After applying the stated modifications in the original three mooring line configu-
ration, the moored system was tested (stiffness decay test) again in FloWave OERF
presenting 28, 51, 51, 207, 253, 137 seconds of natural period in heave, pitch, roll,
surge, sway, and yaw, respectively. A considerable improvement was achieved in the
surge and sway DoFs in terms of natural period, whereas only a sensible increase
was accomplished in the yaw DoF. As stated before for the free decay testing, the
natural periods of oscillation of the moored floater were far away from the linear
wave excitation range, meaning that the moored floater is not likely to suffer from

resonance due to the most energetic waves.

The DTI-F floater was characterised by using the RAOs computed from regular
waves, and these RAOs were used to forecast the maximum responses for different
wave conditions. All the responses obtained met the requirements stated in the

design basis and relevant standards.

The analysis of the irregular sea states revealed dynamic responses within the
requirements stated in the design basis, giving confidence on the floating system

feasibility.



Numerical methods for hydrodynamic analysis of FOW'T

7.4. Numerical methods for hydrodynamic analysis of

FOWT

An OrcaFlex Finite Elements Method (FEM)-based hydrodynamic model of the DTI-F
was developed to further study the responses of the moored floating system.

A novel hybrid buoy-vessel model was developed to calculate the dynamic responses
of the DTI-F. This solution was adopted to account for the fact that the DTI-F floater
is mainly influenced by diffraction in certain wave conditions and mainly by inertia in
other conditions given its large spar diameter, e.g. for the three smaller wave periods
tested during the regular testing, the floater was mainly influenced by diffraction and for
the other waves tested the floater was mainly influenced by inertia. The OrcaFlex model
needed the results from a diffraction analysis as an input. Therefore, a diffraction analysis
was performed using the panel model ANSYS AQWA. The results of both simulations,
i.e. diffraction and dynamic analysis of moorings, were validated against the results
obtained from the relevant experimental tests.

The following findings were inferred during the numerical model development and

validation stages:

e The numerical models were validated against a wide range of static, quasi-static,
and dynamic conditions including two realistic sea states using the JONSWAP

spectrum.

e ANSYS AQWA potential flow solver was not able to capture the large-scale vortex
shedding created by the heave plate during the heave motion of the floating system.
The presence of the heave plate creates a recirculation zone in the boundary layer
at the floater surface. This ultimately leads to flow detachment from the heave
plate which is a phenomenon dominated by viscous forces and characterised by
high vorticity. As the linear potential flow solver neglects viscous effects and con-

siders the flow as being irrotational, it cannot capture the phenomenon. However,
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the simulation of heave free decay time-series provided an excellent matching with
the experimental results due to the low influence of drag within the hydrodynamic
regime studied. Simulated free decay natural periods match perfectly testing re-
sults, whereas damping ratios match up to 95% in the worse cases, i.e. roll mode
of motion. The overall matching of the simulated time series presented correlation
values of 0.9975 for the free decay tests performed in Lir NOTF and 0.9960 for
the experiments conducted in FloWave OERF. The high degree of matching be-
tween testing responses and simulation results indicated that the diffraction anal-
ysis results were adequate input for the following hydrodynamic model developed

in OrcaFlex.

The FEM-based hydrodynamic model of the moored spar buoy FWT in OrcaFlex
captured the non-linearities as well as contributions to damping from mooring lines.
The overall correlation between stiffness decay test and simulations was 0.9474 and
0.9908 in Lir NOTF and FloWave OERF respectively, whereas the overall RMSE
between regular and irregular tests and simulations was 0.0418 and 0.0125 respec-
tively. A close agreement with the experimental results gave the confidence to rely
on the FEM based approach to carry out further investigations and optimisation
loops of the DTI-F concept. And having both, near to one correlation values and
near to zero RMSE values between numerical simulation and experimental results

ensured this close agreement.

As results of the irregular wave simulations, preliminary results of the global per-
formance were obtained. The maximum responses of the floating system were
investigated for a range of operational cases. At full scale, the maximum responses
recorded were 4.1, 4.5, and 3.9 metres in surge, sway, and heave, and 2.2, 0.8, and
2.3 degrees in pitch, roll, and yaw respectively. These results ensured an optimal

response behaviour of the system in realistic sea states.



Transversal aspects

e The overall agreement between experimental and numerical developments sug-

7.5.

7.6.

gested that the numerical model was accurate enough to conduct further opti-
misation of the DTI-F concept using it in fully coupled simulations along with the

aeroelastic model of the Levenmouth W'T previously developed.

Transversal aspects

Since the size of the new models of WTs become increasingly larger, new reference
WTs are needed to design and model their foundations. Three main reference W'ls
are of public domain namely 5SMW NREL, DTU 10MW, and recently was released
the 1bMW NREL. Regarding that, the aeroelastic development presented in this
thesis will fill the gap between the 5MW NREL and the DTU 10MW reference

WTs as soon as ORE Catapult makes the numerical model open source.

The large diameter spar buoy floater presented in this thesis represents and hybrid
design. The high degree of feasibility shown by the DTI-F concept highlights
the potential for other hybrid concepts. Regarding that, hybrid concepts are a
contemporary topic subjected to research with flagship developments like the Tetra-

Spar concept combining a tension leg platform with barges.

Recommendations for future work

The completion of the present research allows to carry out further investigations regarding

the coupled responses of the DTI-F concept under wave and wind loading. Once the

aeroelastic model of the Levenmouth WT and the hydrodynamic model of the DTI-F

substructure provide reliable results, next both models can be coupled. The coupling of

the aforementioned models will lead to fully-coupled aero-hydro-servo-elastic simulations

of the DTI-F concept. After investigating the effects of the wind on the DTI-F concept,
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a new iteration design stage will lead to an increase of TRL from 3 to 5-6 allowing to

move from development to deployment phases.

Further investigation regarding specific topics is needed as explained below:
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e To validate the aeroelastic model, comparison with SCADA data is needed. Once

the aeroelastic model is properly validated, simulation of all the design load cases
mentioned in international standards must be run and further load-matrixes calcu-

lated.

To evaluate the advantages provided by the unique capabilities of the DTI-F con-
cept, a modified aeroelastic model accounting for a two-bladed W'T should be

developed.

The coupled simulations using both, the Levenmouth WT and the modified two-
bladed WT, must be validated against experimental records. To validate fully-
coupled simulations, a software-in-the-loop (SiL) hydrodynamic testing will be re-
quired. SiL is a hybrid testing technique where the loads from the rotor are calcu-
lated by an aeroelastic model fed with the platform position recorded in real-time
during the tank measurements. The calculated loads are then communicated to
a calibrated ducted-fun that has been calibrated to produce the desired loading.
SiL testing allows replicating the wind-rotor interaction loads without building a
detailed scale-model of the blades. Therefore, the same hardware, i.e. ducted-fan,
can be used to simulate the Levenmouth WT and the modified two-bladed WT

only by changing the aerodynamic model during the experiment.

Further optimisation of the catenary mooring and the seakeeping system is required.
Detailed research on the responses of the DTI-F concept for different levels of

pretension in the mooring line is recommended.

e Further optimisation regarding the influence of the heave plate on the responses is



Recommendations for future work

needed. The development of a computational fluid dynamics (CFD) model of the
DTI-F floater could shed some light on the vortex shedding phenomena occurring

in the surroundings of the heave plate when the structure is heaving.

In order to validate the results of the CFD model, it is recommended to look for
a facility providing laser doppler velocimetry (LDV) or particle image velocimetry
(PIV) measurement techniques. LVD and PIV can provide with flow visualisation,

i.e. 2D or even 3D vector fields, using a laser to track particles.
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8. Appendix | Technology Readiness

Levels

The next Figure gives insight on the Technology Readiness Levels (TRL) as defined by
NASA.

TRLS l—

. .
ual system completed and “flight qualified” through test and
demonstration (ground or space)

— TRL7 | EE—

=System prototype demonstration in a space environment

— TRL6 —

=System/subsystem model or prototype demonstration in a relevant
environment (ground or space)

_ | TRLS |

=Component and/or breadboard validation in relevant environment

TRL4

TRL3

TRL2

TRL1

Figure 8.0.1.: Technology Readiness Level.
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9. Appendix Il WT Operating Regions

The next Figure gives insight on the WT Operating Regions as defined by NREL.
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Figure 9.0.1.: Steady-state operating regions.
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