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ABSTRACT

Locating wind turbines on floating platforms offshore would allow tapping an immense wind
resource available in a deep sea. A realisation of this potential, however, requires cost-effective
floating platform designs that can compete with other energy sources. To reduce the large capital
cost associated with construction, the design of such platforms will need a reliable and
sophisticated design tool that can perform load and response analysis in a comprehensive and
fully integrated manner. This thesis presents an integrated nonlinear model for performing load
and response analysis of a tension-leg-platform wind turbine that is being considered as a most
promising concept to harness wind energy in a moderately deep sea (80m to 200m). It presents
the formulation for evaluating various external loads acting on each component of a floating wind
turbine considering nonlinear interaction among them. The formulations for various external
loads and the motions are developed and solved, and the results are used to demonstrate the
significance of the hybrid hydrodynamic model suggested in this thesis as the main contribution.
The most discerning feature of the hybrid hydrodynamic model is, it employs fully nonlinear
potential theory for wave kinematic prediction and non-diffracting potential theory for wave
force calculation. This feature enables to study the nonlinear loads and responses of the floating
wind turbine subjected to extreme waves resulting from the nonlinear evolution in a random sea
environment which linear and second order wave theories fail to predict, as evidenced by many
experimental studies. The model predicts the responses of a floating wind turbine for the given
environmental condition which could be time history of wind speed and wave surface derived
either from existing site-specific spectra or record of an actual arriving storm event. Therefore,
the model can be used to analyse structure during both pre and post construction stage. During
the pre-construction stage, the model can be used to optimize the structure's geometry whereas,
during the post-construction stage, the model can be used for predicting costly wind turbine's
performance under actual storm event, to issue warning for planning its evacuation or arranging
precautionary measures, to minimize damages to it and its supporting structure including station-
keeping system. Thus, the model can be used for optimizing CAPEX as well as OPEX and hence

the LCOE for the concerned floating wind turbine system.
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1 INTRODUCTION

1.1 Motivation

Climate change and the need to manage dwindling fossil fuel reserves are the biggest
challenges faced by energy suppliers worldwide. The growing awareness about environmental
concern uplifts the use of renewable energy to make these challenges manageable. Wind energy
is the world’s fastest-growing, non-polluting, inexhaustible renewable energy source and has
become an integrated part of modern power production in many countries. According to Global
Wind Energy Council (2018), the worldwide wind power generation capacity has crossed
539GW in 2017, growing by 52.5GW over the preceding year and covers almost 5% of the global
electricity demand (11.6% in EU). This trend is expected to continue with falling cost of wind
turbines and an urgent international need to tackle CO2 emission to prevent climate change.

[ GLOBAL CUMULATIVE INSTALLED WIND CAPACITY 2001-2017
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Figure 1.1.1 Global cumulative installed wind capacity for year 2001-2017

Future onshore wind farm developments are hampered by concerns such as turbine noise,
aesthetic (visual) impact and scarcity of land for turbine placement near major population or
energy load centre (coastal cities) where energy cost and demand are high. Locating wind
turbines offshore alleviate these concerns and offers advantages such as higher and steadier wind
speed, and availability of larger area sites than onshore. The offshore wind farm development
began in shallow water area by placing wind turbines on fixed (seabed mounted) structures.
However, most of the global offshore wind resource is available in the location where water is
much deeper and deploying wind turbines on a fixed support structure becomes economically
infeasible. Therefore, it is strongly desired to develop a cost-effective floating platform system
to support the wind turbine in a deep sea. A major disadvantage of using a floating platform to
support wind turbine is a large inertia loading acting on the tall tower caused by wind and wave
excitation. When wind turbines will be deployed offshore, they will be in numbers and will be
more vulnerable due to strong environmental loading during storm or hurricane. It may cause
significant platform motions which may affect turbines performance and structural strength of
the supporting tower and platform. Hence, optimal low-cost platform designs are possible only

when the environmental loads acting on it and the resulting motions are predicted accurately.
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During the recent past, a large wave appearing during storm event started drawing great
attention of oceanographers and design engineers, as they have been overlooked in the past due
to their rare in-situ observation. Thanks to the recent progress in gathering and analysing storm
sea data by Ward (1979); Patterson (1974); Buckley and Stavovy (1981); Buckley (1983), and
Rosenthal and Lackner (2008) which has been a significant contribution to the research
community studying extreme waves and their loadings on marine structures. For example, an
analysis of data from the Gulf of Mexico hurricane Camille (Patterson, 1974) and a storm off
Irish Coast (Buckley, 1983) revealed that some of the large waves contained in the sample time
history were steep on their forward face and greatly elevated as shown in Figure 1.1.2. Such wave
is often termed as Extreme Transient Wave (also known as Rogue wave, freak wave, monster

wave, episodic wave, killer wave, and abnormal wave).

I d
Figure 1.1.2 Extreme Transient Wave

The probability of occurrence of such wave is higher than expected as per traditional statistical
theories (Kharif, et al., 2009) and increasing marine accidents involving them being reported
recently (Liu, 2007; Nikolkina & Didenkulova, 2012). Although such waves are recurring event
along the continental margin, an origin of it is not fully understood. It is believed that a shoaling
mechanism, wind-wave interaction, a random phase relationship between waves (i.e., wave-wave
interaction), and an opposing shear current could be the plausible reason behind it. To study these
phenomena, such waves have been generated in a several wave tanks and reported by researchers
such as (Longuet-Higgins, 1974; Takezawa & Hirayama, 1977; Kjeldsen, 1982; Mansard &
Funke, 1982; Kraft & Kim, 1987; Rapp & Melville, 1990; Kim, et al., 1990; 1992; Clauss &
Kuehnlein, 1994). Kinematic measurements made by Kim et al. (1990) for a laboratory generated
extreme transient wave having equivalent size and asymmetric properties as those found in
hurricane Camille indicated crest velocity 64% greater than the phase velocity just prior to
breaking. Based on the measurements, he proposed that severely asymmetric extreme transient
wave to be selected as a design wave to avoid severe underestimation of wave loads. Zou and
Kim (2000) further studied the response of a tension leg platform to such extreme transient wave
and found pronounced ringing and springing response.

The response of a floating wind turbine to such extreme transient wave can also be studied
experimentally. However, they are expensive, and for each setup, one model can be tested.

Although the experiments can provide beneficial and irreplaceable results, a systematic
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investigation with different wind-wave parameters and the structure configurations are
practically impossible. Contrary to this, numerical modelling is a relatively easier and cheaper
option with recent advancements in computing technologies. Once the methodology and

computer codes are established, many different analysis runs can be easily performed.

1.2 Statement of the problem

A development of numerical model for simulating responses of floating wind turbine to
extreme wave requires simulation codes for both wind turbine and moored floating platform, and
currently, state of the art codes for both are existing separately. Wind turbine simulation codes
are used to model and simulate wind turbine behaviour whereas floating platform simulation
codes are used to analyse wave structure interaction and to simulate structures responses. In the
past, several attempts have been made to simulate the floating wind turbine responses by
extending either wind turbine or floating platform simulation codes or by combining both through
the numerical coupling scheme. For example, extended wind turbine simulation codes include,
Bladed by GL Garrad Hassan (2003), Flex5 by RNL (2007), FAST by NREL (2009) and
HAWC2 by RNL (2015) whilst extended moored floating platform simulation codes include,
SIMO/RIFLEX by MARINTEK (2008; 2010), and 3D float by UMB (2011). The combined
codes include FAST coupled with SML and WAMIT (Jonkman, 2007), Charm3D (Shim & Kim,
2008), and TimeFloat (Roddier, et al., 2009; Cermelli, et al., 2009), and HAWC?2 coupled with
SIMO/RIFLEX (Skaare, et al., 2007; Larsen & Hanson, 2007).

All the afore-mentioned simulation codes consist of a state-of-the-art aerodynamic model for
fix bottom wind turbine which is applicable to floating wind turbines by incorporating the
interaction between the wind turbine and floating platform. However, all the afore-mentioned
simulation codes consist of a hydrodynamic model that follows either Morison’s equation or
diffraction theory for wave force evaluation where linear or second order wave theory is
employed for wave kinematic prediction. Such approaches are insufficient for analysing floating
wind turbine responses to extreme waves since they are highly nonlinear and the effect of
nonlinearity on the floating wind turbine responses could be significant. As such extreme waves
do not arise as part of the regular wave train but occur as an individual event within a random
sea. If one considers a narrow-banded spectrum in deep water, frequency dispersion provides a
plausible explanation for the evolution of extreme wave. There are growing evidences that an
individual height (crest to trough) of an extreme wave in a random record may be higher (more
frequently) than predicted by the Rayleigh distribution based on the linear wave assumption. This
is supported by various full-scale observations (Kjeldsen, 1990; Sand, et al., 1990; Skourup, et
al., 1996; Yasuda, et al., 1998), laboratory observations (Phillips, 1981; Stansberg, 1993; 1998a;
Onorato, et al., 2006; Xia, et al., 2015), and numerical simulations (Mori & Yasuda, 2000; Gibson
& Swan, 2007; Goullet & Choi, 2011). In contrast to non-Rayleigh extreme crest height, which is
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more frequent and to some extent (for low significant wave steepness H, /L, < 0.02 as per Hu
and Zhao 1993) can be described by second-order wave model, non-Rayleigh wave heights must
be described by higher-order wave model.

This thesis presents an integrated nonlinear model for simulating responses of floating wind
turbine by incorporating higher-order wave model. The model aims to incorporate state of the art
nonlinear wave kinematic and force model that enables it to simulate extreme wave and its
interaction with the floating wind turbine.
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2 LITERATURE REVIEW

This chapter will review and discuss previous studies and techniques relevant for developing
an integrated nonlinear model for simulating responses of floating wind turbine to extreme waves.
Prior to this, a brief review is provided on advancement in the offshore wind industry and the

chosen floating wind turbine concept for the present study.

2.1 Offshore wind energy

Offshore wind energy is the energy generated through wind farms constructed in the ocean
on the continental shelf. Higher wind speeds are available offshore as compared to on-land, so
energy generation is higher per amount of capacity installed (Madsen & Krogsgaard,
2010) where NIMBY opposition to construction is usually much weaker. Europe is the world
leader in offshore wind power, with the first offshore wind farm (Vindeby) being installed
in Denmark in 1991. Since then a rapid development has been witnessed by the industry with the
total worldwide power capacity of 18,814 MW installed by the end of 2017 (GWEC, 2017). All
the large offshore wind farms are currently installed in northern Europe, especially in the United
Kingdom and Germany, which combined account for over two-thirds of the total offshore wind
power installed worldwide. As of September 2018, the 659 MW Walney extension in the United
Kingdom is the largest offshore wind farm in the world. The Hornsea wind farm under
construction in the United Kingdom will become the largest when completed, at 1,200 MW.
Other projects are in the planning stage, including Dogger bank in the United Kingdom at
4,800 MW, and Greater Changhua in Taiwan at 2,400 MW. The cost of offshore wind power has
historically been higher than that of its onshore counterpart but have been decreasing rapidly in
recent years which motivates future developments. Projections for 2020 estimated an offshore
wind farm capacity of 40 GW in European waters, which would provide 4% of the European
Union's demand for electricity (Tillessen, 2010). The European Wind Energy Association has set
a target of 40 GW to be installed by 2020 and 150 GW by 2030 (EESI, 2010). Offshore wind
power capacity is expected to reach a total of 75 GW worldwide by 2020, with significant
contributions from China and the United States (Madsen & Krogsgaard, 2010).
2.1.1 Fixed offshore wind turbine

Offshore wind farm development began in a shallow water area with fixed seabed mounted
structures. Currently, all the operating offshore wind farms employ fixed foundation turbines,
except for a few pilot projects. They require several types of bases for stability, which mainly
depends upon the water depth. To date, several different solutions exist as shown in Figure 2.1.1.

e Gravity-based structure (GBS) — for use at exposed sites in a water depth of 20-80m.

e Jacket — steel structure as used in the oil and gas industry, in a water depth of 20-80m.

e Tripod — piled or suction caisson structure in a water depth of 20-80m.
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e Monopile — for use in a water depth up to 30m.

M

GBS Jacket Tripod Monopile
Figure 2.1.1 Fixed support structure for offshore wind turbine system (Peyard, 2015)
As water depth increases beyond 80m, these foundation types manifest several disadvantages
as follows,
e Cost of fixed foundation and installation increases with water depth result-in
economically infeasible option
o First natural period of the system comes close to the rotational frequency of the turbine
or three times this frequency (for a three-bladed turbine). These requirements are
increasingly challenging to constrain as the water depth increases, as modern wind
turbines are constructed for variable rotational speed.
e Wave impact load and resulting ringing like response is expected.
These disadvantages can be overcome by choosing floating support structure to support a

wind turbine in a moderately deep sea (>80m).

2.1.2 Floating offshore wind turbine

Floating support structure increases the flexibility in deploying wind turbines in water depths
beyond 80m. Its foundation features are not large since mooring lines or tethers will be used
instead of concrete bases. Individual floaters allow the deployment of a large and variable number
of wind turbine units. There is extensive wind resource available in the deep sea (50-200m),
where the floating wind turbine is potentially a highly scalable future energy source in several
markets. There is significant potential and appetite for growth in Japan, the United States, and
several European countries including the UK, Norway, France, Portugal, and Spain.

Table 2.1.1 Offshore floating wind potential in Europe, USA, and JAPAN
(Ian Baring-Gould, 2013; EWEA, 2013; Marine Scotland, 2014)

Country/Region Share of offshore wind Potential floating wind
resource in deep water capacity
Europe 80% 4000 GW
USA 61% 2450 GW
JAPAN 80% 500 GW
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Europe
The potential for electricity generation from floating wind turbine in Europe is vast. Over half

of the North Sea is suitable for floating wind turbine deployment, with water depths between
50m to 200m as shown in Figure 2.1.2. On this basis, EWEA estimated that the energy produced
from the turbines in deep water > 50m in the North Sea alone could meet the EU’s electricity

consumption four times over (EWEA, 2013).

M| 0-50 m
M 50-100m

W 100+ m

Figure 2.1.2 Water depth (50m to 200m) around Europe (DNV-GL, 2014)
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Figure 2.1.3 Mean wind speed around Europe (Maciel, 2012)
There is also significant wind resource available in the Atlantic, particularly off the coast of
Scotland and England, and in the west of France and off the coasts of Portugal and Spain, where
deep-sea precludes fixed-bottom offshore wind development. Deep sea is also prevalent in the

Mediterranean, where the wind resource is generally less extensive than the North Sea and
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Atlantic coastline; although there are pockets of strong and moderate wind which could be well
suited to floating wind turbines, particularly given that the less harsh marine conditions may
allow for less conservative structural designs (ORECCA, 2011).

EU targets for offshore wind power of 40 GW by 2020 and 150 GW by 2030 are expected to
be achievable by predominantly using conventional fixed-bottom foundations in water depths
under 50m. However, by 2050, offshore wind power capacity in Europe could reach 460 GW,
which can only be achieved by accessing deep water sites > 50m using floating technology
(EWEA, 2013). The 2030 target may also require a higher proportion from floating wind turbine
solution if they prove to be cost competitive and the development of floating wind turbine
technology is accelerated. While offshore wind turbine deployment up to 2030 is expected to be
dominated by the significant growth of fixed-bottom wind turbines, from 2030, it is likely that
adequate sites will become scarcer and costlier to develop with fixed-bottom structures, further
from shore and in places with challenging seabed and met-ocean conditions. Floating wind
turbine technology could thus be used to exploit deep water locations closer to shore, and the
added flexibility of floating structures means that it has the potential to be highly scalable.

UK

The UK is blessed with excellent offshore wind resource and access to the shallow continental
shelf of the North Sea. However, there is also a significant resource in deep-sea >50m, where
wind speeds are often stronger and more consistent than in shallower locations. The highest mean
wind speeds in the UK are in Scottish waters and off the south-west coast of the UK, where deep-
sea locations are abundant. Given the importance of energy yield for wind farm economics, the
Energy Technologies Institute (ETI) estimates that deploying floating wind turbine in these
locations to access this stronger wind resource could result in a lower levelized cost of energy
(LCOE) compared with some fixed-bottom UK Round 3 sites (ETI, 2015). Indeed, there is
already evidence to suggest that a more consistent wind resource in deep sea locations can lead
to higher load factors in floating turbines. The distribution of sites suitable for floating wind
turbine in the UK is expected to differ to the fixed-bottom wind turbine. While the best sites for
fixed-bottom offshore wind are found off the east coast of England in shallow waters (< 50m
depth), the opportunities for floating wind turbines are concentrated off the coast of Scotland and
Wales, where near-shore deep-water sites (> 50m depth) are located, and the geology and met-
ocean conditions are suitable for floating devices. In Scotland, there are extensive deep-water
locations to the east, north, and west of the country, with 123 GW of the 169 GW offshore wind
potential located in water depths exceeding 60m (Scottish Enterprise, 2015).

Licensed sites for fixed-bottom offshore wind in Scotland are primarily in water depths over
40-45m and in complex seabed conditions, which suggests that the low-hanging fruit available
for offshore wind may be smaller than elsewhere in the UK. On this basis, commercialised

floating wind farm projects would have the potential to unlock lower cost sites in Scottish waters.
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2.2 Chosen floating wind turbine concept

The vision of large-scale offshore floating wind turbines was introduced by Prof. W.E.
Heronemus at university of Massachusetts in 1972, but the topic was taken up by the main
research community after mid-1990 when the commercial wind industry was well established.
Since then European institutions have been the leaders in this research field. Several concepts of
floating platform supporting horizontal axis wind turbine were studied in the past and some of
them are under research. The example includes MUFOW by Baltrop (1993), Toroidal shape by
Bertacchi et al. (1994), FLOAT by Tong (1998), Tri-floater by Delft University (2002),
Advanced Floating Turbine (AFT) by Nautica (2007), MIT/NREL TLP by Sclavounos et al.
(2007), Hywind by Statoil (2009), WindFloat by Principle Power (2011), WindCrete by
Universitat Politécnica de Catalunya (2011), Compact Semi-Sub by Mitsui Engineering &
Shipbuilding (2013), Hybrid Spar by Toda Construction (2013), Advanced Spar by Japan Marine
United (2013), Sway by Sway A/S (2013), TetraFloat by TetraFloat Ltd. (2014), TLPWind by
Iberdrola (2014), Damping Pool by IDEOL (2015), V-Shape Semi-Sub by Mitsubishi Heavy
Industries (2015), GICON-SOF by GICON (2015), Nautilus Semi-Sub by Nautilus Floating
Solutions (2015), Nezzy SCD by Aerodyn Engineering (2017), SeaReed by DCNS (2018),
VolturnUS by DeepCwind Consortium (2018), PelaStar by Glosten Associates (2018), Eco TLP
by DBD Systems (2018). Some are even installed, e.g. Blue H Technologies TLP (2008), Hywind
(2009, 2011), Windfloat (2011), Sakiyama (2016) and GICON-TLP (2017). All these floating
platform concepts considered to support wind turbine are derived from the floating structures
used in the offshore oil and gas industry and can be broadly classified as ballast stabilized system,
i.e., spar, buoyancy stabilized system, i.e., semi-submersible and mooring line stabilized i.e.,

tension leg platform, as shown in Figure 2.2.1.

Spar-buoy Semisubmersible Tension Leg Platform

Figure 2.2.1 Floating platform concepts for offshore wind turbine (www.energy.gov)
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The prime requisite for such floating system is their capability of standing stable in the water,
albeit with some degree of oscillation which may vary depending on the type of floating system
considered. The main movement under the action of wind and wave turns out to be strongest one
for ballast and buoyancy stabilised floating structures, i.e., translation and tilting whilst the
floating structure stabilised by mooring lines shift horizontally. If the floating platform allows
the system to tilt appreciably, the behaviour of a wind turbine would be affected even to such an
extent that possible operating limitations and/or energy output reductions would have to be
considered for estimating LCOE. Therefore, the best promising concept for a floating wind
turbine is deemed to be a mooring line stabilised tension leg platform which experiences minimal
tilting movement. Moreover, it is lightweight and has less mooring footprints as compared to its
counterpart’s spar and semi-submersible. Favourable indications for the adoption of the TLP
system have also been given by technical and economic results obtained from a separate study
carried out by Musial et al. (2003) and Italian Electrical System (Casale, et al., 2010) and hence
adopted for the present study.

A design chosen for the present study is mono-column tension leg platform as shown in Figure
2.2.1, which is nothing, but a vertical spar buoy stiffened in heave, roll and pitch mode by using
a combination of pontoons and the mooring lines under tension. The tensioned mooring lines
virtually eliminate the vertical heave and rotational roll and pitch motion while the lateral surge
and sway motions and the rotational yaw motion are compliantly restrained. An excess of
buoyancy greater than the platform weight keeps the mooring line in tension under all the loading
condition. The height of a vertical spar buoy is kept enough to maintain a minimum air gap
between the bottom tip of the rotor blade and wave crest elevation for all tide and extreme wave

situation.

2.3 Mathematical models

Development of an integrated nonlinear model for simulating responses of a chosen tension-
leg-platform wind turbine requires a definition of equations of motions and the evaluation of
external forces acting on it. A set of nonlinear equations of motions are required to be defined
for the concerned floating wind turbine as it may subject to high environmental loadings which
may cause large motions, and the linearized equations may not give acceptable results. However,
it is only practicable if the exciting forces can be calculated with the computationally efficient
approach.

As chosen floating wind turbine is intended to be installed in intermediate to deep water area,

they will be exposed to various loads as illustrated in Figure 2.3.1.
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Figure 2.3.1 Loads acting on floating wind turbine (Jonkman, 2007)

The environmental loads acting on the floating wind turbine are predominantly due to wind,
waves and current. Additional loads due to ice, marine growth, scour, and sea level fluctuation,
is small in comparison to wind, waves and current and must be considered during the real design
process. Loads due to the earthquake are outside scope of this research and therefore in this thesis,
investigation of floating wind turbine response analysis is limited to environmental loads due to
wind, waves and current. Hence, the forces acting on the floating wind turbine system constitutes
aerodynamic forces due to the wind, hydrodynamic forces due to wave and current and the
restoring forces due to mooring lines. Methods currently available for evaluating hydrodynamic
forces due to wave and current and the restoring forces due to the mooring system are well
established and have been successfully used in the past for designing offshore oil and gas
structures. However, methods available for evaluating wind force acting on the turbine rely on
several assumptions that may not hold for highly dynamic ocean environment in which floating
wind turbines may be expected to operate. The control strategy of the wind turbine, and the
translational (surge, sway, and heave) and rotational (roll, pitch and yaw) motions of its
supporting platform will all introduce an additional effective wind contribution which may result
out increase/decrease in wind force acting on the turbine. This change in wind force may
resist/increase the wave-induced motions of the platform and thereby act as a damping
mechanism. This damping mechanism due to the interaction between the wind turbine and its
support system need to be considered while evaluating various afore-mentioned forces acting on
the floating wind turbine system. Researchers have used either frequency or time domain
approach for the development of numerical simulation codes. A brief review of both the

approaches is provided under below sub-section.
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2.3.1 Frequency domain approach

In this approach, equations of motions are solved using methods of harmonic analysis or
methods of Laplace and Fourier transformations. This approach has a very strong appeal to the
researchers due to its simplicity and efficiency. This approach requires that the formulation of a
problem, i.e., wave kinematics, forces and motions to be completely linearized. The solution
leads to a set of a linear transfer function which represents a mathematical expression of the
dynamic characteristics for that platform. These transfer functions, often called as RAO’s can be
used directly with the wave spectra, thus resulting out response spectra from which various
statistical information can be derived, e.g. fatigue life prediction. This approach has been widely
used due to its simplicity and less computing time. The theory and techniques of the linearization
with respect to motion, wave excitation forces, and mooring line restoring forces can be found in
Mei (1989), Faltinsen (1990), and low (2009) respectively.

Several studies have been performed in the past to assess the floating wind turbine dynamic
using this approach. For example, tri-floater concept by Bulder et al. (2002), a tension leg
platform by Lee (2005) and Sclavounos et al. (2007), barge by Vijfhuizen (2006) etc. However,
these models are useful for demonstrating initial technical feasibility. They cannot capture
nonlinear dynamic characteristics and cannot model transient loading events, both of which are
important for floating wind turbines because the nonlinear dynamics introduced through transient
events are significant for the loading analysis. Matha (2009) performed a comparison study for
frequency versus time domain analysis of a floating wind turbine and showed that some coupling
between the platform motion and the tower and blades were not captured which led to natural
frequencies being wrongly predicted and critical system resonances not being identified. This
result underlines the importance of performing calculations for floating wind turbines in the time

domain and the same approach is adopted in this thesis.

2.3.2 Time domain approach

In this approach, equations of motions are solved using numerical integration methods. This
approach has the flexibility to accommodate very complicated nature of the dynamic system,
where a frequency domain approach would break down. This approach lends themselves very
well for determining responses of the platforms to extreme waves where non-linear effects are
important. They permit inclusion of all the non-linearity’s associated with floating wind turbine
dynamics. This approach requires wind and wave spectra to be transferred to time series for
simulating turbulent wind condition and stochastic wave surface elevations. The motion
responses are obtained by solving the equations of motions using an efficient numerical time
integration method. The analysis needs to be performed for sufficiently long time to get adequate
steady state data for statistical analysis and to verify consistency of the simulation. This approach

for analysing floating wind turbine dynamics is not used as often as it should be because of its
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computing cost. However, it can become effective if the forces can be evaluated using an
appropriate method which requires less computational effort.

Several numerical tools are developed to study floating wind turbine dynamics using this
approach, for e.g. Bladed by Garrad Hassan (2003); Flex5 by Knauer & Hagen (2007);
SIMO/RIFLEX by Fylling (2009); 3D float by UMB (2009); FAST with AeroDyn and
HydroDyn by NREL (2007); FAST with charm 3D by Shim (2007); FAST with Timefloat by
Roddier et al., (2009); HAWC2 with SIMO/RIFLEX by Skaare et al., (2007) and Larson and
Hanson (2015).

2.4 Existing coupling scheme for wind turbine and floating platform

There are several existing numerical tools (as mentioned in the previous sub-section) capable
of modelling floating wind turbine dynamic using a time domain approach. They are developed
by extending either the existing design codes for a wind turbine or moored floating platform or
by coupling both. Wind turbine design codes (i.e., Bladed by GL Garrad Hassan, FAST by NREL,
Flex5 and HAWC2 by RNL) are used to model and simulate wind turbine behaviour whereas
floating platform design codes (i.e., FAST by NREL, Charm 3D by Texas A&M University,
Timefloat by Principle Power Inc, and SIMO/RIFLEX by MARINTEK) are used to analyse wave
structure interaction and to simulate structure responses. Based on the code development, they
are categorised as extended or coupled codes.

2.4.1 Extended codes

This category of codes includes Bladed by GL Garrad Hassan (2003), Flex5 by RNL (2007),
SIMO/RIFLEX by MARINTEK (2009), and 3D float by UMB (2009). The wind turbine design
code such as Bladed and Flex5 are extended by incorporating hydrodynamic subroutine which
follows Morison’s equation with Airy’s linear wave theory. The floating platform design codes,
i.e., 3D float and SIMO/RIFLEX are extended by incorporating aerodynamic subroutine which
follows classical blade element and momentum theory. In these codes, forces due to wind, waves
and current, and mooring lines are evaluated at each time step considering the coupling effect
between wind turbine, floating support structure and mooring system. However, they all use
either linear (Bladed, Flex5, and 3Dfloat) or second order wave theory (SIMO/RIFLEX) which

may not be sufficient to analyse extreme waves.

2.4.2 Coupled codes

This category of codes includes FAST coupled with SWIM or WAMIT by NREL (2007),
FAST coupled with Charm3D by Shim (2007), FAST coupled with TimeFloat by Roddier et al.
(2009), HAWC2 coupled with SIMO/RIFLEX by Skaare et al. (2007) and Larsen and Hanson
(2015). These codes make use of state-of-the-art wind turbine and moored floating platform
design codes by using numerical coupling scheme among them to exchange the information

during simulation. In these codes, wind turbine design codes (i.e., FAST and HAWC?2) are used
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to calculate the dynamic responses of turbine components, tower, and floating platform, while
floating platform design codes (i.e., CHARM 3D, TimeFloat, and SIMO/RIFLEX) are employed
to determine the hydrodynamic wave forces (first-order wave frequency and second order
sum/difference frequency forces), viscous forces on Morison members, radiation damping forces
in the form of convolution integral, and mooring restoring forces. These forces are lumped at the
hull-tower interface as part of the input to solve the equations of motions for the dynamics of the
turbine, tower and floating support structure. The resultant displacements, velocities, and
accelerations of the hull structure are passed on to floating platform design codes for the next
step calculation of the hull-tower interface forces. The computational speed of these coupled
codes depends on numerous factors. These include the discretisation chosen by the user, the code
features enabled, and the precise details of the coupling scheme.

The strength of above-mentioned extended and coupled codes are their state of the art
aerodynamic and hydrodynamic models. However, the fact that these models are state of the art
separately that does not guarantee they are state of the art when combined, especially if the
application is a novel concept such as floating wind turbine where its components, i.e., wind
turbine, tower, floating platform and mooring system dynamically interact with each other under
the combined action of wind, waves and current. The reasons include,

I.  Both models are based on different assumptions, which may be conflicting.

Il. Coupling of both models may lead to unexpected results due to interface issues.

I1l. The models were developed for a specific purpose which may not be applicable for new
applications. For example, all the afore-mentioned hydrodynamic tools follow a classical
approach of Morison’s equation or wave diffraction analysis using linear or second order
wave theory which may be insufficient for extreme waves as pointed out by many
researchers, covered under section 1.2.

Moreover, IEC 61400-3 international design standard for offshore wind turbines requires that
an integrated load and response analysis be performed for a wind turbine to be certified. This
type of analysis is also essential from the point of view of the designer as it enables the wind
turbine performance to be optimised as well as the structural integrity verified. Full design
optimisation is not possible without considering the fully coupled response of the system.
Therefore, to efficiently design optimised floating wind turbines, reliable tools are needed which
can model the load and response of floating wind turbines in a comprehensive and fully integrated

manner and the same approach is followed in this thesis.
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2.5 Existing methods for calculating forces and moments

As explained in section 2.3, loads considered in this research study are aerodynamic loads
due to wind acting on the turbine rotor, hydrodynamic loads due to wave and current acting on
the floating platform and restoring loads due to mooring lines. A brief review of existing methods
for evaluating these loads is given in this section.

2.5.1 Wind loads

A wind turbine is a device, which extracts kinetic energy from the wind and converts it to the
torque at the shaft and generates power. Hence the performance of a wind turbine includes thrust,
torque and power. Modelling of wind turbine performance has been attempted in the past using
various methods which solves the global and local flow fields based on various levels of
approximations, i.e., Navier-Stokes solution, potential flow models, and blade element and
momentum theory. A brief review on each method is given in this section.
2.5.1.1 Navier-Stokes solution

The global and local flow field of a wind turbine can be studied in detail by several existing
methods based on the solution of the Navier-Stokes equations. The full set of N-S equations are
non-linear and, therefore, analytical solutions are restricted. The approach computationally most
demanding but physically most accurate is to solve N-S equations with a CFD solver. The flow
over a wind turbine encompasses a Reynolds number range of 10* for the global flow to 25 x
10° at the blade local flow for megawatt sized turbines. In CFD, four basic approaches, i.e.,
direct numerical simulation (DNS), Large eddy simulation (LES), Reynolds Averaged Navier-
Stokes (RANS) method, and Detached eddy simulation (DES) are employed for modelling the
turbulent flow with their large range of Reynolds number. In DNS, the Navier—Stokes
equations are numerically solved without any turbulence model. The whole range of spatial and
temporal scales of the turbulence must be resolved in the computational mesh. The storage
memory requirement grows very fast with the Reynolds numbers, and hence with currently
available computational power, this method does not apply to the floating wind turbines with
large Reynolds number range. In the LES approach, this computational cost is reduced by
ignoring the smallest length scales, which are the most computationally expensive to resolve,
via low-pass filtering of the Navier-Stokes equations. Such low-pass filtering, which can be
viewed as a time- and spatial-averaging, effectively removes small-scale information from the
numerical solution. The examples of applying this approach to the CFD modelling of wind
turbine can be found in Benard et al. (2018) and Sedaghatizadeh et al. (2018). RANS model
provides approximate time-averaged solution to the Navier-Stokes equations. The model can be
categorised into two groups, i.e. one equation and two equation. One equation RANS turbulence
models are based on one time-averaged equation appropriate for modelling wake and complex

flow. The two equation RANS turbulence models, k-¢ and k-o are widely used in the CFD for
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modelling wind turbines. The k-¢ model calculates turbulence kinetic energy (k) and dissipation
rate (¢) whereas k- model involves the solution of equations for the turbulence kinetic energy
(k) and the specific rate of dissipation (w). The most popular among this is the k-o SST
turbulence model, of which results match well with the experimental results (Wu, 2017; Rocha,
etal., 2014). These models can have a significant effect on the CFD solution and must be selected
carefully. A combination of RANS and LES, where RANS used for flow around the blades, and
LES for the wake, using DES approach, is another good solution for floating wind turbine CFD
modelling. The state of the art of CFD techniques for studying the aerodynamics of wind turbine
blades can be found in Shourangiz-Haghighi et al. (2019).
2.5.1.2 Potential Flow Method

A potential flow method has been used by some of the earliest aerofoil design methods such
as the Eppler code (1990). In this method, the fluid is assumed as inviscid, incompressible, and
irrotational, and the effect of surface tensions are ignored. The flow field around the aerofoil is
described through the distribution of discrete sources and vortices, with several implementations,
e.g., Lifting line, panel and vortex methods. A detailed review on these methods is provided by
Hansen et al. (2006). This method is based on the measured aerofoil data where aerodynamic lift,
drag and pitching moment characteristics of the blades are assumed to be known and corrected
for the effect of blade rotation. A more accurate predictions are expected in conditions, where
local aerodynamic characteristics strongly vary with time (yawed flow) and dynamic wake effect
play a significant role. Both the effects are increasingly important for floating wind turbines as
addressed by Sebastian and Lackner (2011).
2.5.1.3 Blade Element and Momentum Theory

Modelling of the global flow field around wind turbines is originated from marine and
aeroplane propeller theory. The first published work on lifting propellers was by Rankine (1865),
who applied a one-dimensional momentum theory to analyse the global flow behaviour on a
propeller disc. Later, Froude (1889) incorporated the local flow of the rotor as a disc at which
there is a sudden change in pressure without any discontinuity of velocity, which is generally
known as one-dimensional actuator disc theory. One-dimensional or axial momentum theory for
the global flow was extended to a two-dimensional level for concentric annuli by Glauert (1935).
He added the angular momentum balance which incorporates the tangential velocity of the
rotating blade; which is known as general momentum theory. For the local flow, Glauert applied
blade element theory where it is assumed that the aerodynamic forces at independent elements
of the blade are equal to the forces on the same aerodynamic profile taken from two-dimensional
wind tunnel aerofoil tests. This approach is based on Prandtl’s slender wing, lifting line
approximation where the forces on a wing element are taken equal to the two-dimensional forces

for an equivalent angle of attack, which is formed by the mean flow plus the velocities induced
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by the three-dimensional trailing system. On a wind turbine blade, the induction is due to the
helical trailing vortex in the rotor wake. This induction is assumed equal to the axial and
tangential induction velocity factors of momentum theory. Blade element theory is usually
employed to analyse the local flow at blade whereas the momentum theory is used for the global
flow region. Together, they form what is commonly known as Blade Element and Momentum
theory, (BEM). Most of the contemporary predictive and design codes for wind turbine rotor
blade aerodynamics are based on the analytical work of Wilson and Lissaman (1974) using the
BEM method. Simple BEM theory is very rarely used in isolation, as it does not deal with the
unsteady nature of the aerodynamics experienced by a turbine rotor. Therefore, several
corrections (see section 3.2.3) are commonly applied in conjunction with this BEM model to
account for this. The validity and limitations of the BEM theory are still under discussion.
Sorensen and Mikkelsen (2001) analysed some of the basic assumptions behind this theory.
Comparison of BEM results with an unsteady model of the axisymmetric inviscid form of the
Navier-Stokes equations, showed the worst case to produce a maximum error of up to 3% in the
axial induced velocity on the rotor. They demonstrated that inherent inconsistencies of the BEM
model result in negligible errors.

The main advantage of this method is its simplicity and consequently its speed. It has also
been extensively validated against measured data and shown to be accurate and reliable. This
method was developed from helicopter aerodynamics and due to its convenience and reliability
has remained the most widely used method for calculating the aerodynamic forces on wind
turbines. Floating wind turbine design codes are no exception and BEM theory is used in all the

codes currently available and hence adopted in this research study.

2.5.2 Wave loads

The evaluation of hydrodynamic forces acting on the floating structures is of immense
importance to engineers involved in offshore engineering. It is a challenging task because the
ocean waves are very complex in nature and its interaction with the floating platform needs to be
accounted for while evaluating forces. There are a wide variety of floating platforms being
considered to support the wind turbine, and they are mainly composed of slender members. Based
on the type and size of the members in a structure, in comparison with the wave length, different
calculation methods are available for estimating hydrodynamic forces. The hydrodynamic force
evaluation methods can be broadly classified into three categories, i.e., fully nonlinear wave-
structure interaction, diffraction analysis, and slender body approach.
2.5.2.1 Fully nonlinear wave structure interaction

The most accurate way for wave force evaluation is to perform a numerical analysis of the
fully nonlinear interaction between the floating platform and the surrounding fluid. This approach

requires fully nonlinear wave theories, which include general flow theory and fully nonlinear
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potential theory (FNPT). The former is usually solved in Eulerian view and has been widely
adopted by Computational Fluid Dynamics (CFD) software, e.g. OpenFOAM, StarCCM+ and
ANSYS CFX. Itis widely accepted that solving the equations for the Navier-Stokes models based
on general flow theory is always a time-consuming task and is much more difficult, mainly when
floating bodies with motions of six degrees of freedom (DoFs) are included. Therefore, many
researchers have been contributing to the development of FNPT model for analysing fully
nonlinear interaction between the steep waves and offshore structures, e.g. Kashiwagi (2000),
Tanizawa (2001), Wu and Eatock Taylor (2003), Koo and Kim (2004), Yan and Ma (2007), Ma
and Yan (2009). A detailed review of the FNPT models for wave-structure interactions can be
found in Ma and Yan (2009).

In this approach, the fluid domain is governed by a fully nonlinear potential theory in which
velocity potential satisfies the Laplace equation and fully nonlinear boundary conditions are
imposed on both water and body surface. The problem is solved by using a time step marching
procedure. At each time step, the boundary value problem for the velocity potential is solved by
using FEM. Bernoulli’s equation is used to find the forces acting on bodies. The time derivative
of velocity potential in the Bernoulli’s equation is also evaluated by solving a similar boundary
value problem. Although this is not impossible, this task requires a very powerful computer

resource and is therefore not feasible in practice.

2.5.2.2 Diffraction analysis using second order potential theory

An alternative approach to fully nonlinear wave structure interaction method is to carry out
diffraction analysis based on the second order potential theory. This approach is generally used
when the structural member in question is larger in diameter and experience significant
movement, as is often the case for floating wind turbine. This approach requires diffraction and
radiation effects to be considered. To incorporate these effects, an additional boundary condition
of zero flow velocity perpendicular to the surface of the structure is followed. For most practical
cases the resulting problem cannot be solved analytically, so numerical methods based on the
assumptions of linear wave theory are used. If the hydrodynamics of the sea state is linear, the
sources of loading can be sub-divided into three separate problems: radiation, diffraction and
hydrostatic restoring. Wave radiation loading describes the loads which result from the influence
of a moving body on the surrounding fluid when incident waves are not present. Wave diffraction
loading describes the loads which result from the influence of the surrounding fluid on a
stationary body when incident waves are present. Hydrostatic loading describes the static loads
on the body arising from the pressure in the surrounding fluid. These three problems are then
solved individually, and the resulting loads are summed together. This approach is well explained
by Jonkman (2007) who incorporated this into HydroDyn subroutine of existing tool FAST
developed by NREL. This approach is also followed by several existing floating wind turbine
design tools such as Charm3D, TimeFloat, ADAMS, and SIMO/RIFLEX by MARINTEK. In
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these codes, the hydrodynamic coefficients of the floating platform are calculated in the
frequency domain using a panel-based 3D diffraction and radiation program WAMIT (developed
by MIT) whereas the non-linear viscous drag contribution is included from Morison’s equation.
The ad