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Abstract

Deployments of offshore wind have focused primarily on shallow seas using bottom-fixed
foundations. However, much of the world’s offshore wind resource lies in deeper waters where
bottom-fixed foundations are not suitable, and floating platforms must be utilised. However,
these Floating Offshore Wind Turbines (FOWTSs) encounter economic and technical hurdles.
Economically, most of the developed floating foundations support a single Wind Turbine Gen-
erator (WTQ), resulting in high Capital Expenditures (CapEx). Technically, these FOWTs are
subject to environmental loads, and their dynamic responses are complex and not thoroughly
understood.

Driven by these challenges, this research presented an innovative twin-turbine semi-submersible
platform as an alternative solution for reducing the CapEx and Levelised Cost of Energy
(LCoE), thereby facilitating the commercialisation of floating offshore wind farms. This platform

is called W2Power, developed by EnerOcean S.L., and is engineered to support a pair of gen-
eric WTGs. The present work aims to investigate the implications of Wave-Current Interaction
(WCI) on the dynamics of multi-unit FOWTs by means of coupled numerical analyses and
physical model experiments.

Numerical analyses are performed at full-scale of the W2Power FOWT; herein, the floater
model is first developed. A new mooring system is first designed, and a numerical model of
the floater-mooring-towers-nacelles-turbines is established. Equipped with two 5 MW WTGs,
the developed model incorporates structural hydrostatic and dynamics, hydrodynamic effects,
mooring loads, and aerodynamics.

Based on Airy wave theory, two numerical WCI models are developed to analyse the effects
of a uniform current interacting with regular and irregular waves. WCI models are integrated
with the OrcaFlex programme for the coupled aero-hydro-servo-elastic analysis. Experiments
are also conducted in the FloWave Ocean Energy Research Facility on a 1:40-scale physical
model of W2Power under multi-directional waves combined with currents. Furthermore, the
numerical simulations are validated against the tank trails.

The results revealed that the current’s presence significantly modified the wave profiles and
the system’s static equilibrium. Wave directionality impacted the platform motions and mooring
forces. Also, WCI influenced the dynamics of the platform motions and the mooring and
nacelles of the FOWT. WCI particularly influences translational platform motions, mooring
loads, and nacelles accelerations. Remarkably, WCI can lead to differences of up to +22%
and +26%, respectively, in the line’s maximum tension and surge response, depending on
the current direction and mooring layout. In turn, these variations have significant implications
for fatigue loads, operational maintenance (O&M), and CapEx costs of the mooring systems.



In addition, comparative benchmarks of validations between measurements and simulations,
with and without WCI, demonstrated the reliability of the WCI models in accurately capturing
system dynamics. Thus, the frameworks established can serve as a foundation for other
studies exploring the applications of WCI in the dynamic responses of FOWTs. This will con-
tribute to the advancements of FOWT technologies, thereby facilitating the commercialisation

of floating wind farms.



Lay Summary

Offshore wind energy holds immense promise for clean power generation. It has been pre-
dominantly harnessed in shallow waters using bottom-fixed foundations to support the tur-
bines. However, the untapped potential of offshore wind resources in deeper waters neces-
sitates the utilisation of floating platforms due to the impracticality of bottom-fixed solutions.
Floating platforms offer a solution but entail technical and economic challenges.

To reduce capital costs and enhance bankability, multi-unit floating platforms have emerged
as innovative solutions that accommodate more than a turbine on the same floater.

On a technical front, these floating wind turbines are subject to diverse environmental loads,
such as wind, waves, and currents. In combined wave-current environments, waves interacting
with currents lead to changes in wave characteristics. This wave-current interaction can impact
the platform’s responses and fatigue the superstructures of the entire system.

This work, therefore, considered a twin-turbine floating offshore wind system, W2Power, de-
veloped by EnerOcean S.L. It further investigated how wave-current interaction impacts the
dynamic responses of floating wind turbines using experimental and numerical modelling.

In the numerical phase, a new single-point mooring system was proposed and coupled with
the floater-towers-nacelles. The platform was equipped with two 5 MW wind turbines, giving a
total capacity power of 10 MW per platform. Furthermore, two models were developed to ac-
count for the interaction with regular and irregular waves. Then, a framework was established
by integrating these models with a commercial industry-standard tool to carry out coupled
aero-hydro-servo-elastic analyses incorporating wave-current interaction.

In the experimental phase, extensive tests were conducted at the cutting-edge FloWave Ocean
Energy Research Facility employing a 1:40 physical model of the W2Power under multi-
directional waves combined with currents to simulate real-world conditions.

Findings showed that current alters wave profiles and affects the equilibrium point of the
floating system. Wave-current interaction was found to impact platform motions, mooring
dynamics and nacelles’ accelerations. Novel validations also demonstrated the capabilities of
the developed wave-current models in capturing system dynamics. Therefore, the numerical
and experimental frameworks developed can be the basis for the applications of advanced
wave-current interaction in analysing floating wind turbines.
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Subscripts

a,c Regions in the absence and presence of current
Exp Experimental or measured value

i i-th component

Num Numerical or calculated value

Key Definitions and Terminologies

© Surge, Sway and Heave are the translational motions of a floating platform in x, y and
z directions, whereas Pitch, Roll, and Yaw are rotations about the x, y, and z axes.

¢ Following current refers to a current that flows in the same direction as the waves.
Opposing current refers to a current that flows in the opposite direction as the waves.

< Following waves refer to waves propagating at 0° and in the same current direction.
Crossing waves refer to waves propagating at 90° and in the cross direction to the
current. Opposing waves refer to waves propagating at 180° and in the opposite
direction to the current.

o W2Power is a terminology for a win-turbine floating wind platform developed by Ener-
Ocean S.L.

o FloWave is a term for the FloWave Ocean Energy Research Facility based in Edin-
burgh, United Kingdom.
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Chapter 1

Introduction

1.1 Overview

Climate change is a serious global concern that threatens human lives and ecosystems, and
its implications are evident, such as extreme weather events. About two-thirds of the world’s
emissions of Greenhouse Gases (GHGs) are attributed to the burning of depleting fossil fuels
for energy (Meinshausen et al., 2022). According to the Intergovernmental Panel on Climate
Change (IPCC) report, if global warming is to be confined to 1.5°C, GHG emissions must be
cut by almost half by 2030 (IPCC, 2023).

Limiting global warming to 1.5°C above pre-industrial levels is essential and requires sub-
stantial, rapid, and sustainable reductions in GHGs across all sectors. The energy supply
sector (e.g. electricity, heat, and other forms of energy) is the largest contributor to global
GHG emissions, accounting for approximately 30-35% of the total emissions; thus, it plays a
key role in achieving these reductions (Bogdanov et al., 2021). Thereby, renewable energy
resources are being utilised instead of conventional ones (e.g., coal, oil, and natural gas) due
to their falling costs and sustainable and environmental characteristics. This transition also
allows emerging economies to grow while reducing GHG emissions.

1.2 Offshore Wind Power

Wind power has emerged as a viable alternative to fossil fuels due to recent advancements in
technology. These developments have resulted in the maturation of the wind energy industry,
providing investors with a reliable and consistent rate of return. Globally, cumulative wind
power capacity is currently 837 GW, preventing over 1.2 billion tonnes of CO, per year (i.e.
equal to South America’s annual carbon emissions), with 93.6 GW of this capacity installed in
2021, of which 72.5 GW are onshore. In the next five years, onshore wind power is expected
to increase at a Compound Annual Growth Rate (CAGR) of 6.1%, with an annual average
installation rate of 93.3 GW, resulting in 466 GW of total added capacity between 2022 and
2026 (GWEC, 2022).
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Despite the advantages of wind power, the development of wind farms usually faces barriers
during the consultation phase with local communities. Concerns about health, quality of life,
and property values are frequently at the heart of uneasiness triggered by wind turbines’
visual impact and noise constraints. This opposition to wind farm development, sometimes
known as NIMBY-ism (Not In My Back Yard), has emerged as a barrier to deploying wind
farms in areas with high populations (E. Smith & Klick, 2007). Consequently, wind energy
developers have considered coastal regions a plausible alternative in light of these constraints.
Offshore wind projects have the advantage of being constructed close to densely populated
communities without the same level of NIMBY-ism that might occur with onshore installations.
In addition, offshore sites often have higher and more consistent wind speeds, allowing for the
development of gigawatt-scale projects. Hence, offshore wind has the potential to become an
option for the future growth of wind power.

Figure 1.1: Breakdowns of cumulative and new installations for global offshore wind power in
2021 (GWEC, 2022).

In 2021, the offshore wind market achieved a record-breaking year with 21.1 GW commis-
sioned, despite the ongoing COVID-19 outbreak. Thereby bringing the cumulative offshore
capacity to 57.2 GW (see Figure 1.1). In line with the existing regulations, offshore wind
capacity is likely to grow at a higher CAGR of 8.3%. By 2026, it is expected to increase from
21.1 GW to 31.4 GW, bringing the total installations to over 90 GW (GWEC, 2022). Around
240 GW of offshore wind energy in Europe is expected to be operational by 2050 (WILSON,
2020). At the time of writing, the United Kingdom is a key player, with an accumulated installed
capacity of over 10 GW over 38 locations. In addition to the 5 GW currently under the pre-
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construction phase, there are plans for an additional 11 GW. Furthermore, the UK is a leader
in floating offshore wind with a total capacity of 80 MW, including 50 MW from the Kincardine
farm installed in 2021 (UK-DBT, 2023). This addition brought the global floating offshore wind
capacity to 139 MW (GWEC, 2022).

1.3 Floating Wind Power

The deployment of offshore wind turbines has focused primarily on shallow seas (e.g. the
North Sea, Chinese coastal waters, and the New England coast) of soft seabeds (i.e. made
of sand, gravel or mud), which makes bottom-fixed foundations the most cost-effective and
optimal option. As depicted in Figure 1.2, the most common bottom-fixed foundation designs
(i.e. for water depths up to 50 m) are gravity-base, suction caissons, monopiles, tripods, and
jackets (Byrne & Houlsby, 2003).

On the other hand, some regions (e.g. the Mediterranean Sea) lack favourable seabed con-
ditions for bottom-fixed foundations. Moreover, 80% of offshore wind potential is in waters
deeper than 60 m, which is the limit for bottom-fixed foundations, thereby making them prob-
lematic in such depths (WindEurope, 2018). Hence, floating offshore foundations are emer-
ging as potential revolutionary solutions that offer broader wind resource exploitation and
alleviate problems associated with bottom-fixed designs. In 2017, Equinor's 30 MW Hywind
Scotland project was the world’s first floating wind farm, deployed off the coast of Peterhead,
Scotland (Duarte et al., 2022; Durakovic, 2021).

1.4 Floating Wind Design Concepts

In its most basic form, a floating offshore wind turbine system comprises a floating platform,
a mooring system, and a wind turbine superstructure (tower and Rotor-Nacelle Assembily,
RNA) (Robertson & Jonkman, 2011; Edwards et al., 2023). Conceptually, floating offshore
wind platforms be categorised as follows (see Figure 1.2):

1.4.1 Spar-Buoy Platform

Spar buoy design is a cylindrical floater typically containing heavy ballast (e,g. water and
gravel) in its large draft (Skaare, 2017). The ballast is attached at the bottom of the draft to
ensure the floater’s stability and mitigates motions (Breton & Moe, 2009; Arapogianni et al.,
2013). Moreover, a conventional mooring system of catenary lines holds the floater in place
(C. Wang et al., 2010).



Figure 1.2: Different design concepts of offshore wind turbines; after (Moulas et al., 2017; Mei & Xiong, 2021).
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1.4.2 Tension Leg Platform

Tension Leg Platforms (TLPs) are extensively employed in the oil and gas industry and were
initially conceived for drilling in ultra-deep waters surpassing 1500 m. They consist of a
buoyant semi-submersible floater anchored to the seabed via taut vertical mooring lines (i.e.
tendons) that offer superior stability. TLPs feature a central column connecting the submerged
floater to the wind turbine tower above the water surface (Edwards et al., 2023). Conversely,
the vertically tensioned lines exert uplifting loads on the anchors, requiring a more robust
anchoring system (C. Wang et al., 2010; Butterfield et al., 2007).

1.4.3 Barge Platform

This foundation design achieves stability using its distributed buoyancy and large water-plane
area. Barges are commonly characterised by rectangular, annular-shaped designs featuring
a centralised pool (i.e. moon pool) that absorbs wave loads, thereby reducing the floater
motions (Van Kessel, 2010). Catenary mooring systems are utilised to prevent barges from
drifting (Jonkman & Buhl, 2007), as adopted in the most common floating barge platform in
the floating wind sector, Ideol.

1.4.4 Semi-Submersible Platform

Semi-submersible platforms employ a combination of strategies for stability. Their pontoons
and columns offer substantial buoyancy volume compared to the spar and TLP. Unlike barges,
the waterplane areas of the semi-submersibles are relatively small in comparison to their
buoyancy volume, resulting in lesser susceptibility to environmental loads. Typically, their
mooring systems utilise catenary lines (Pegalajar-Jurado et al., 2018).

1.5 Floating Wind Power Optimisation

The recent development of spar buoy and semi-submersible designs has brought the floating
offshore wind industry towards commercial readiness. For instance, over its five years of oper-
ation, Hywind Scotland has achieved a remarkable average capacity factor of 54% compared
to a UK offshore wind average of about 40% (Equinor, 2023). The International Renewable
Energy Agency (IRENA) expects offshore wind farms to make even more significant leaps,
with projected capacity factors ranging from 36% to 58% by 2030 and 43% to 60% by 2050,
compared to an average of 43% in 2018. Furthermore, industry experts expect that 5 GW to
30 GW of floating offshore capacity could be deployed globally by 2030, and by 2050, floating
wind projects could constitute 5% to 15% of the worldwide offshore wind installations (nearly
1000 GW) (IRENA, 2019).
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Efforts are being implemented to minimise the levelised cost of energy for offshore wind, such
as wind farm scaling. Gigawatt-scale fixed-bottom offshore wind parks are being installed
(e.g., UK’s Seagreen and Dogger Bank, New Zealand’s Waikato). Additionally, floating off-
shore wind farms are being developed to access deeper waters, allowing for economies of
scale and expanding potential sites for offshore wind energy farms (Hall et al., 2014).

A key difference between floating and bottom-fixed turbines lies in the mooring systems.
These subsystems are a significant cost driver, potentially accounting for 5-15% of the capital
cost of a floating wind farm (Myhr et al., 2014). Ensuring the cost-efficiency of this subsystem
is vital for the deployment of FOWTs. Thus, shared mooring lines and anchors are being
explored to reduce costs, particularly for deeper-water deployments (Sloan et al., 2022).

Offshore wind trends indicate that FOWTs of 10-20 MW will be operational (Bauer, 2020).
Deploying such large turbines at commercial scales using conventional single platforms is
both technically challenging and, so far, has proven very expensive. Hence, Multi-Unit Floating
Offshore Wind Platforms (MUFOWRPSs) are being developed as viable innovations for higher
installed wind capacity. The concept pertains to an offshore floating platform that supports
more than a single wind turbine, hereafter referred to as MUFOWPs. These platforms utilise
weathervaning systems to minimise the platform’s height and unfavourable loads and ensure
alignment with the wind direction. They are designed with the turbines in close position without
significant wake losses. Thus leading to more cost-efficient wind energy capture compared to
single-turbine floaters of comparable power (Barltrop, 1993).

1.6 Motivation

The successful deployment of conventional FOWTs faces challenges, such as the high CapEx
per individual platform and the higher LCoE; hence, it is imperative to accelerate the devel-
opment of MUFOWPs. Therefore, the W2Power FOWT has been explicitly developed as an
innovative solution to reduce the CaPex and LCoE of the single-unit floating platforms (see
Figure 1.3).

Furthermore, the assessment of dynamic behaviours for these coupled systems in sophist-
icated oceanic environments adds another layer of complexity. As such, FOWTs are sub-
jected to various loads, such as wind, waves, and currents. In deep waters, where FOWTs
are deployed (Atcheson et al., 2016), the effects of the currents on their mooring lines are
pronounced due to the larger submerged length of these lines, and these effects become
more prominent when currents interact with waves (Hall et al., 2014; L. Chen & Basu, 2019).

As waves propagate on currents, their interaction results in frequency shifts (i.e. Doppler
effect) and influences the wave-related parameters (e.g. wavelength, amplitude, and spectral
energy density); thus, higher-velocity currents substantially impact such interaction (Janssen,
1989; J. Smith, 1997).
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Figure 1.3: The W2Power prototype (i.e. at a scale of 1:6) in the open sea at Plocan in Gran
Canaria, November 2022. Photo courtesy of EnerOcean S.L.

Wave-current interaction has not yet been extensively addressed in the coupled analysis of
FOWTSs, and that is due to two key challenges that must be handled: (i) a fully nonlinear
mooring model capable of incorporating current, and (i) an appropriate WCI model. The
recent development of non-linear mooring models has addressed the first challenge (Palm et
al., 2016; Davidson & Ringwood, 2017; A. C. Pillai et al., 2018b). However, the latter challenge
has not yet been overcome and is still an ongoing research topic.

Moreover, most commercial engineering tools (e.g. FAST, Sima, OrcaFlex) rely on the linear
dispersion relationship when specifying the properties of waves (J. M. Jonkman & Jonkman,
2016; OrcaFlex, 2023; Sima, 2023), such as JONSWAP (Joint North Sea Wave Project) waves
(Hasselmann et al., 1973). However, these tools typically neglect the Doppler shift modification
of the linear dispersion relationship in the presence of currents. The Doppler shift alters the
frequency of waves due to the relative motion between the observer (e.g. a floating structure)
and the waves, making it crucial for accurately modelling the encounter wave frequency and
the shape of the wave spectrum. Without accounting for this, the wave-structure interaction
under current conditions can be misrepresented, potentially leading to inaccurate predictions
of loads and responses.

To overcome this limitation, new formulations and derivations for the total fluid particle velocity,
the vector sum of the current velocity and wave-induced fluid particle velocity, are needed to
incorporate Doppler shift appropriately. The motivation behind addressing WCI in the coupled
analysis of FOWTs stems from the need for a deeper understanding of how such interaction
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influences their dynamic behaviours, shedding light on aspects that were previously not fully
explored. By developing models that can accurately capture WCI, this work contributes to
the design and operation of floating platforms and mooring systems, ultimately advancing the
deployment of FOWTs in deep waters.

1.7 Thesis Aims and Objectives

The overall aim of this research is to investigate the dynamic responses of multi-unit FOWTs
and their mooring systems in combined wave and current environments. Thus, this project
attempts to answer the following research questions:

I) How does the utilisation of a MUFOWP concept influence the platform motion re-
sponses and the dynamics of mooring system loads?
II) To what extent do currents impact the design process of FOWTs, and how can they be
accurately considered in this design process?
[lI) How does wave-current interaction impact the dynamic behaviour of the mooring sys-
tems and/or the entire floating system?

In order to answer these questions, a range of objectives have been established. Firstly, the
innovative W2Power FOWT model is developed (Figure 1.3). This included the development
of the W2Power floater model and the conduction of hydrodynamic analysis in the frequency
domain. A new mooring system is designed, and coupled analyses are performed for the
floater-mooring model. Then, the coupled floater-mooring-towers-nacelles-rotors model is de-
veloped.

Secondly, wave-current interaction models are established based on linear Airy theory, which
comprises the development of two analytical models: a regular wave-current model and an
irregular wave-current model.

Thirdly, the effects of wave-current interaction on the structural responses and mooring system
dynamics of FOWTs are investigated through both numerical and experimental analyses. This
involves incorporating the developed WCI models in the coupled aero-hydro-servo-elastic sim-
ulations for the floater-mooring-towers-nacelles-turbines model. Additionally, comprehensive
experiments are conducted at the FloWave Ocean Energy Research Facility under combined
wave and current conditions to validate the numerical simulations (D. Ingram et al., 2014).
These test campaigns utilised a 1:40 scale model of the W2Power concept.
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1.8 Thesis Overview and Outline

The remainder of this thesis is divided into eight chapters, organised into three overarching
parts and a standalone chapter. These parts encompass (I) Background and Literature Re-
view, (ll) Experimental Modelling of FOWTs in Combined Wave-Current Environments, and
(1) Numerical Modelling of FOWTs in Combined Wave-Current Environments; with Chapter
9 dedicated to Overall Thesis Conclusions. Below is an outline of the structure of the research
components. Figure 1.4 provides an overview of how the parts and elements within the thesis

are interconnected.

Part |: Background and Literature Review

e Chapter 2 provides an in-depth review of the current state of development of the multi-
unit floating offshore wind platforms and their structural and dynamic, as well as ad-
dresses both technical and commercialisation constraints. Thus, it introduces the twin-
turbine floating offshore wind platforms as innovative technologies designed to over-
come the limitations of MUFOWPs accommodating more than two wind turbine units.
The chapter further explores the core of this thesis, the W2Power platform, outlining
its development path and discussing its multi-use solutions and versatile applications
beyond power generation.

e Chapter 3 offers an overview of wave-current interaction and its impact on the dy-
namics of offshore structures, including analytical, numerical, and experimental stud-
ies. Then, it evaluates existing research on offshore wind turbines in combined wave-
current environments. Afterwards, it identifies key challenges and knowledge gaps re-
garding the implications of wave-current interaction on the dynamics of FOWTs and
mooring systems, laying the groundwork for the next chapters of this thesis.

Part Il: Experimental Modelling of MUFOWTs in Combined Wave-Current Environments

e Chapter 4 describes the experimental methods to explore the dynamic responses
of FOWTs when tested in simultaneous wave and current conditions. A theoretical
framework is outlined, accompanied by a detailed description of both the test facility
and the physical model. Then, environmental modelling of metocean conditions and
the generation of various load cases are presented. Experiments are carried out under
current, waves and different wave-structure scenarios interacting with current. This
serves as the foundation for the subsequent chapter.

e Chapter 5 discusses the experimental findings obtained from tank testing at scale
mode; these include the dynamics of motion responses and the mooring system. In-
vestigations delve into the effects of wave directionality under both regular and irreg-
ular waves propagating from different directions. It presents diverse structure-wave-
current interaction scenarios and their impacts on mooring loads and platform motion

responses.
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Chapter 1 W
Introduction

Part | (Chapters 2-3)
Techincal Background and Literature Review

Implications of wave-current
interaction for dynamics of
offshore structures

4

i Part Il (Chapters 4-5) i 4 Part IIl (Chapters 6-8)

Numerical modelling incorporating
wave-current interaction

Multi-unit floating
offshore wind platforms

~

Physical modelling in combined
wave-current environments

0 Experiments under: ¢ Validation benchmarks under:
* Incident waves: following, + Incident waves: following,
crossing and opposing crossing and opposing
* Current of constant direction « Current of constant direction
. S

0 Further simulations under:

* Incident waves of constant

Chapter 9 direction
Overall conclusions and future ¢ Current direction: following
work recommendations and opposing
J

Figure 1.4: Overview of the project structure and chapters, illustrating the interconnections
between main parts and chapters and their contributions to the analysis flow.

Part Ill: Numerical Modelling of MUFOWTs in Combined Wave-Current Environments

e Chapter 6 introduces comprehensive analytical and numerical analyses to explore
the effects of wave-current interaction on the structural responses of FOWTs. It be-
gins by developing the W2Power floating platform and evaluating its hydrodynamic
performance. The chapter further proposes a new mooring system and delineates the
development of a coupled model encompassing floater-towers-nacelles-rotors. Then,
simulations are performed under different environmental loads for the coupled analyses
of aero-hydro-servo-elastic-mooring. These simulated loads include current, waves,
and different wave-structure scenarios interacting with current.
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e Chapter 7 conducts comprehensive validation benchmarks, comparing the experi-

mental findings from the tank tests against the numerical simulations. Firstly, the exper-
imental measurements presented in Part || are up-scaled to full scale, and the numerical
models developed in Chapter 6 are employed to simulate these tested conditions. Val-
idations are then carried out to assess the accuracy and reliability of the coupled model
of the W2Power FOWT, as well as the developed wave-current interaction models.

Chapter 8 offers a thorough discussion of the numerical results of the developed
models of the W2Power FOWT and WCl introduced in Chapter 6. Firstly, it analyses the
effects of following and opposing currents on regular and stochastic wave fields. Then,
it presents the implications of wave-current interaction on FOWT dynamics. These en-
compassed the dynamic responses of platform motion, mooring system, and nacelles.

Chapter 9: Overall Thesis Conclusions

This chapter summarises the overall conclusions and contributions made about the presen-

ted research. Furthermore, it provides recommendations for future work that could be carried

out to build upon the current findings.

1.9

1.9.1

1.

Main Research Outcomes

Contribution to Knowledge

Two numerical models have been developed to investigate the implications of wave-
current interaction on the dynamic responses of FOWTs and their mooring systems.

. Established a framework that accounts for wave-current interaction in the coupled aero-

hydro-servo-elastic analyses of FOWTs.

. Demonstrated the importance of incorporating wave-current interaction in the numerical

simulations of FOWTs and mooring systems.

. Developed a model of a twin-turbine floating wind platform and developed its coupled

floater-mooring-towers-nacelles-turbines model.

5. Designed a new single-point mooring system for FOWTs.

. Showed to what extent wave directionality influences mooring loads and platform mo-

tions.

. Developed an experimental model and provided validation data for testing FOWTs in

combined wave-current conditions.

. Proved the peculiarity of the developed FOWT model and showcased its capabilities to

weathervane and dynamically respond to the dominant sea load.



PART |

Background and Literature Review

12



Chapter 2

Multi-Unit Floating Offshore Wind
Platforms

2.1 Introduction

Given the scope of this EngD project, which explores the dynamic response of multi-unit
floating offshore wind turbines and the implications of wave-current interaction on the dynamic
behaviours of FOWTs by utilising the W2Power twin-turbine platform (EnerOcean S.L., 2007).
Thus, it is imperative to scrutinise previous studies and developments of multi-unit floating
offshore wind platforms. Specifically, the chapter reviews the work done so far on MUFOWPs
and their mooring systems, highlighting the technical barriers hindering their commercialisa-
tion. In turn, this review provides the foundational understanding required to address the aims
and objectives outlined in Section 1.7.

Offshore wind energy is growing rapidly and has significant potential to play a major role in
future energy systems, especially if it can be harnessed with technologies that deliver it at a
low LCoE. It is projected that by 2030, the LCoE for fixed-bottom offshore wind will decrease
by an average of 30%, compared to a 2014 median-expert baseline value of $169/MWh, with a
further 41% reduction by 2050. In contrast, early commercialisation of floating offshore wind is
anticipated to yield a 25% cost reduction by 2030 and a 38% reduction by 2050, relative to the
2014 fixed-bottom baseline (see Figure 2.1). Floating offshore wind is expected to experience
more rapid cost reductions through industrialisation compared to fixed-bottom, with cost parity
expected in the long term (Wiser et al., 2021).

One of the key cost-reduction drivers is the turbine size of turbines. By 2030, turbines are
expected to have an average capacity of 20 MW, with tower heights of 125 m and rotor
diameters of 190 m. Market trends in the floating offshore wind industry indicate that 10-20
MW turbines will shortly be operational (see Figure 2.2) (Bauer, 2020).

13



2.1. Introduction 14

Figure 2.1: Estimated changes in LCoE for typical offshore wind projects in 2025, 2035, and
2050, under three scenarios: low (with only a 10% probability of lower LCoE), median (with
equal chances of higher or lower LCoE)and high (with only a 10% probability of higher LCoE).
These scenarios are expressed as percentages relative to the 2019 baseline values. Subplots
show results for (left) fixed-bottom offshore wind and (right) floating offshore wind against the
2019 fixed-bottom offshore baseline; adopted from Wiser et al. (2021).

Furthermore, several factors influence lower costs for floating wind, with foundation and sup-
port structure design being the most crucial driver. Thus leading to reductions in CapEx and
Operating Expenditures (OpEx), ultimately contributing to a lower LCoE. However, mounting
such large turbines on conventional floating platforms as a single unit poses technical com-
plexities and high costs.

In addition, given the infancy of floating wind, experts anticipate that its LCoE in 2025 will be
higher than that of fixed-bottom installations from 2019 (Wiser et al., 2021), as evident in Fig-
ure 2.1. Thereby, MUFOWPs are being developed as viable innovations for boosting installed
wind capacity per floating platform. Fundamentally, more than a single wind turbine will be
mounted on the same structure, hence reducing costs per unit of generated power, such as
CapEx, installation, and maintenance expenses. Therefore, the development of a MUFOWP
model is inherently among the core objectives of this research outlined in Section 1.7.
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Figure 2.2: Evolution of wind turbine size and power output since 1980. Green grass at the
bottom left half of the chart indicates land-based projects. Diagram illustrated by Bauer at
NREL webinar - April 2020 (Bauer, 2020).

2.2 Advantages and Disadvantages of MUFOWPs

In 1993, Barlirop introduced the concept of MUFOWPSs, which offer a range of advantages
and disadvantages, though the following lists are not exhaustive (Barltrop, 1993).

Advantages

e Cost-efficiency and transformers integration: Up-scaling results in cost reduction,
both in terms of cheaper installation per unit and lower production costs compared to
conventional single units (A. Henderson et al., 2000), but also due to fewer anchors
required for the same capacity (Pillai et al., 2022, 2022b). Moreover, transformers,
essential in every wind farm, can be conveniently integrated into the platforms instead
of constructing separate structures in single-unit wind farms. This approach streamlines
the costs of logistics and marine operations while optimising functionality.

o Improved stability and motion characteristics: Larger structures can accommodate
taller turbines, aligning with the growing trends in turbine height, weight, and power
output; Figure 2.2. Thus, achieving static stability (i.e. anti-capsize) is more attainable
on giant structures than on the smaller ones of single wind turbines (Bashetty & Ozcelik,
2020). As such, the next generation floating wind platforms are anticipated to be 100 m
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wide and weigh around 5-7 thousand tonnes ", Furthermore, MUFOWPs effectively
mitigate the chaotic and non-linear behaviours often seen in conventional FOWPs,
particularly in extreme sea conditions (H.-K. Jang et al., 2019). The enhanced stability
is attributed to the greater mass and dimensions of the platforms, which provide better
resistance and resilience against turbulent conditions.
¢ Enhanced accessibility, navigational advantages, and versatility: MUFOWPs provide

easier access to larger platforms, reduce travel requirements, and enhance wind farm
visibility for nearby ships. Helicopter platform integration is also conceivable for rapid
and dependable wind farm access. Moreover, deploying platforms further offshore cre-
ates additional navigation space, reducing the risk of collision and enhancing accessib-
ility for maritime activities (A. R. Henderson, 2000).

Disadvantages

On the other hand, deploying MUFOWPs comes with several challenges (Barlirop, 1993):

e Turbine spacing challenges: Due to the imperative to minimise foundation size for
cost-efficiency and mitigation of loads, aerodynamic wake interaction and turbulence
issues, spacing between turbines is inherently challenging.

e Unsuitability for shallow waters: MUFOWPs are not applicable for shallow waters
because their mooring systems require water depths that are over 70 m (A. Henderson
et al., 2002).

2.3 Structural and Dynamic Aspects

To meet the demands of challenging environmental conditions, alternative concepts of MUFOWPs
are being developed to ensure both reliability and cost-effectiveness. Research within the
INNWIND.EU framework concluded that by keeping production costs constant and construct-
ing larger turbine rotors, energy costs could be reduced by 20% (Natarajan et al., 2014;
Chaviaropoulos et al., 2014; INNWIND.EU, 2020).

Typical MUFOWP designs accommodate two turbines, prioritising potential upscaling and
modelling simplicity. MUFOWPs that support three wind turbines were conceptualised (Ishi-
hara et al.,, 2007). Numerical and experimental assessments highlight the pivotal role of
hydrodynamic of their hydrodynamic damping. While wind effects were evident on peak surge
during operational drafts, they became negligible during survival drafts due to increased
hydrodynamic damping (T. Ishihara et al., 2007; Van Phuc & Ishihara, 2007).

. This information is obtained from a discussion with Dr Richard Wakefield (Flotation Energy) during the viva
examination of this EngD thesis.
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2.3.1 MUFOWP Concepts of Multi-Turbine Rows
2.3.1.1 Steel-Based MUFOWPs

The Korea Research Institute of Ships and Ocean Engineering (KRISO) introduced multiple
MUFOWP models. KRISO’s concept features a square frame structure with slender bracing
elements and utilises a spread mooring system, with two mooring lines at each corner for
station-keeping. The design accommodates four 3 M.W. wind turbines at the corners and
incorporates six point-absorber-type WECs along each side. These models have been ex-
tensively studied.

For instance, H. Jang et al. (2015) employed Kane’s dynamic theory to create coupled dy-
namic equations for analysing overall system motion and kinetics in the time domain (Kane,
1961). The rotor’s rotation induced a gyroscopic effect in sway, roll, and yaw, particularly
under maximum operational conditions. Heave motion and phase differences between the
front and rear tower tops of upwind turbines exhibit significant accelerations, which increase
the axial forces at the tower bases, an effect that should be considered in structural fatigue
assessments.

Y. H. Bae & Kim (2015) used the KRISO platform to assess the impact of asymmetric aerody-
namic loading on the overall performance and mooring line tensions of MUFOWPSs. This was
achieved by simulating a scenario where one turbine failed with a fully feathered blade pitch
angle without accounting for aerodynamic interaction between turbines (e.g. wake effects).
Results revealed that unbalanced aerodynamic loading from a single turbine in a MUFOWP
significantly influenced both the platform and mooring dynamics (Y. H. Bae & Kim, 2015).

Additionally, Kang et al. (2017) conducted coupled hydroelastic analysis and assessed res-

onance risk and its impact on global and structural responses on the KRISO floating system.

Resonance and non-resonance deformations were identified. Wind loads indirectly triggered

resonant deformations by increasing mooring tension, which, in turn, influenced non-resonance
deformations. Current and wave loads, in the absence of wind loads, induced strong drift

and dominant low-frequency horizontal motion, leading to a reduction in most high-frequency

hydroelastic responses (Kang et al., 2017).

On the other hand, Campagnolo et al. (2016) conducted wind tunnel tests on a KRISO model
to validate two control strategies applied to MUFOWPs with closely spaced wind turbines.
Results indicated that yawing turbines out of the wind direction could increase the produced
power by up to 7%, depending on the power plant layout and wind speed. However, layouts
with fully waked downstream wind turbines showed no power gains. Experiments also demon-
strated that derating did not generally result in power gains.
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Figure 2.3: Rendered images of the 10 MW wind-wave hybrid platform, KRISO concept,
developed by the Korea Research Institute of Ships and Ocean Engineering by the (Kang et
al.,, 2017; H.-C. Kim et al., 2017).

H.-C. Kim et al. (2017) conducted numerical simulations and experiments using the same
1:50 Froude scale model employed by K. H. Kim et al. (2016) for systematic verification
and validation (see Figure 2.3). The results demonstrated reasonable agreements between
numerical simulations and measurements, especially in terms of surge, pitch, top mooring
tension, and the mean horizontal offset. Wake effects on downstream turbines resulted in
pitch asymmetry (H.-C. Kim et al., 2017).

To assess the impact of heave plates on MUFOWPs, H.-K. Jang et al. (2019) conducted
extensive numerical simulations with and without heave plates. Subsequently, the simulations
were rigorously compared with physical tests using the KRISO model. Heave plates effectively
reduced both heave and pitch motions and altered their natural frequencies, all achieved with a
minimal increase in platform mass. Conversely, platforms without heave plates exhibited more
significant heave and pitch motions, with a maximum increase of 35% and 72%, respectively,
than those with plates. Notably, there was almost no change in surge motion (H.-K. Jang et
al., 2019).

2.3.1.2 Concrete-Based MUFOWPs

Concrete rafts have emerged as economical alternatives to steel MUFOWPs (Wong, 2015;
S. Li et al,, 2019; Lamei et al., 2023). As shown in Figure 2.4, these rafts come in two
configurations: triangular, accommodating three turbines, or trapezoidal, hosting five turbines.
Their capabilities in accurately tracking wind directions have been rigorously examined, both
numerically and experimentally. The system flexibility was found to have a significant role in
the surge and yaw responses of the floating structure (S. Li et al., 2019). The weathervaning
mechanism was observed to influence the overall system dynamics. Changing the mooring
system configuration can substantially alter the structure’s motion under combined wind and
wave loads (Lamei et al., 2023).
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If engineered to endure over 100 years, following concrete bridge specifications, these rafts
could serve four successive generations of turbine replacements. This extended serviceability,
combined with the cost-effective prestressed concrete and the ability to support multiple
turbines, significantly reduces construction costs. This, in turn, paves the way for capturing
deep-water offshore wind resources (Wong, 2015).

Figure 2.4: Semisubmerged concrete rafts as cost-effective alternatives to steel MUFOWPs.
Left: triangular rafts designed to accommodate three wind turbines. Right: trapezoidal rafts
engineered to host up to five wind turbines (\Wong, 2015).

Likewise, in conceptualising raft designs, the National Maritime Research Institute (NMRI)
has conducted studies on pontoon-type MUFOWPs to accommodate multiple wind turbines
(NMRI, 2006). Experimental and numerical analyses by YAGO et al. (2006) affirmed the
feasibility of these concepts for future deployments. Building on collaborative research by the
Massachusetts Institute of Technology (MIT) and the National Renewable Energy Laboratory
(NREL) (Wayman et al., 2006; Jonkman & Buhl, 2007), lijima et al. (2010) performed further
fully-coupled analysis and observed an interesting gyroscopic effect due to yaw motion, which
remains not entirely understood. Furthermore, pontoon MUFOWPs were found to be suscept-
ible to roll and pitch motions in extreme wave conditions, hence, limiting their deployments in
calm seas, such as harbours, sheltered coves, or lagoons (lijima et al., 2010).

2.3.2 Tension-Leg MUFOWPs

Applications of TLPs to support multi-turbine have been explored by Ren et al. (2010). Com-
pared to the conventional single-turbine TLPs, multi-turbine TLPs were found to experience
smaller yaw responses due to their large yaw inertia. This, in turn, effectively mitigated the
acceleration responses of the top nacelles. However, the extended connecting cylinders of
the multi-turbine TLP introduced significant additional hydrodynamic loads, resulting in larger
sway, heave, pitch, and roll responses compared to the single-unit TLPs.
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2.4 Multi-Purpose and Hybrid MUFOWP Concepts

To optimise the return on investment for large offshore wind farms, researchers have explored
integrating additional revenue sources and maximising MUFOWPs utilisation. This pursuit
has gained widespread interest due to the substantial costs of manufacturing, installing, and
maintaining these large offshore wind farms.

The EU-funded "Modular Multi-use Deep Water Offshore Platform Harnessing and Servicing
Mediterranean, Subtropical and Tropical Marine and Maritime Resources" (TROPOS) pro-
ject investigates ambitious synergy implementations (TROPOS, 2012; Papandroulakis et al.,
2017). It emphasises the advantages of deep-water installations for the aquaculture industry,
with reduced pollutants and pathogens due to increased distance from the shore, ultimately
benefiting aquaculture product quality (Papandroulakis et al., 2017).

Several MUFOWP concepts explore the integration of various energy sources, such as solar
and wave power, into floating wind systems. For instance, C. Hu et al. (2013) introduce a
triangular-shaped hybrid MUFOWP featuring three wind turbines at each corner and solar
panels positioned between them. Additionally, H.-K. Jang et al. (2019) propose a large-scale
square hybrid design holding four wind turbines and 24 wave energy converters on frames.
Note that these designs are still in the conceptual phase.

In demonstrating the world’s first operating floating combined wave and wind hybrid plant
within the Poseidon project developed by Floating Power Plant, Kallesoe et al. (2011) analyse
platform motion and turbine loading. This hybrid MUFOWP features three wind turbines and
multiple Wave Energy Converters (WECSs). Results reveal the platform’s high stability, confirm-
ing its suitability for wind turbines. Turbines are also seen to enhance the platform’s stability
in high waves. Although the platform’s motion increases the load on the towers, it does not
affect blade loading.

2.5 Turret and Single-Point Mooring Systems

The design of MUFOWPs frequently overlooks the thorough analysis of mooring systems,
which are critical for maintaining stability and ensuring correct positioning. Unlike single-
turbine FOWTs, MUFOWPs can not rely on turbine nacelle yaw drives to align with the wind
direction due to the potential risk of turbine blade clashing. Instead, the entire platform must
be designed to yaw or weathervane to face the wind and ensure safe and efficient operation
(A. Y. Liu et al., 2023).
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Therefore, the use of rotating-turret systems has emerged as a viable solution for MUFOWTs,
drawing from extensive experience in the oil and gas industry, where these systems have
been employed for decades (Zanganeh & Thiagarajan, 2018). For instance, various offshore
Floating Production Storage and Offloading (FPSO) vessels have been anchored via rotating-
turrets mooring systems. Tests on scale turret models demonstrated effective heading stability
and alignment with environmental forces (Zanganeh & Thiagarajan, 2018).

The application of turret and Single-Point Mooring (SPM) systems to FOWTs has resulted in
innovative concepts utilising advanced mooring designs for improved performance (A. Y. Liu
et al., 2023). As such, TetraFloat (TetraFloat, 2014), Scotstream’s Spintral (Scotstream Gen-
eration Limited, 2023), the SelfAligner developed by DNV and Hamburg University (Netzband
et al., 2020), and the BRUNEL concept (Brunel, 2023).

Floater developers have also focused on designing weathervaning turret and SPM systems
tailored for FOWTs. Some of these developments are depicted in Figure 2.5 and include:

o EOLINK adapted the CALM concept for a four-column semi-submersible connected to
a single-point mooring system using hawsers, tested in France (EOLINK, 2023).

e X1-Wind introduced the PivotBuoy® concept with a weathervaning turret mooring sys-
tem and downwind turbine (X1-Wind, 2023), successfully demonstrated in the Canary
Islands (Cahay & Milde, 2023).

o SAITEC designed a turret-moored concept with twin hulls and a turbine installed between
them, deploying a 2 MW prototype in Spain (SAITEC, 2023).

e Aerodyn Engineering GmbH developed the SCD (Super Compact Drive)-Technology
based on single-point moored FOWT concepts, including single and twin-turbine con-
figurations tested in Japan (Aerodyn, 2023).

e Aerodyn also initiated the OPTIFLOW concept, a turret-moored FOWT with a guy wire-
supported tower, tested in Japan (Schnepf, 2019; Aerodyn, 2023).

Weathervaning turret and SPM systems have proven to be highly effective in MUFOWPs.
For instance, Floating Power Plant’s (FPP) Poseidon concept, a hybrid wind-wave platform,
utilises an SPM for passive rotation to align with waves, optimising wave energy absorption
by up to 60-80% (FPP, 2023; Yde et al., 2014). The SCD-Nezzy? 2x7.5 model underwent
testing in the Baltic Sea, demonstrating its easily detachable turret system (SCD-Nezzy?,
2014). EnerOcean is also advancing the commercialisation of the W2Power floating system,
which incorporates weathervaning through a pivot point located at one vertex of the triangular-
shaped platform (EnerOcean S.L., 2007).



Figure 2.5: Artistic depictions visualising various FOWT concepts that utilise weathervaning turret and SPM systems: (a) EOLINK concept
(EOLINK, 2023), (b) PivotBuoy® design (X1-Wind, 2023), (c) SAITEC concept (SAITEC, 2023), (d) SCD-Nezzy? concept (Aerodyn, 2023), and (e)
PTIFLOW concept (Schnepf, 2019).
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2.6 Twin-Turbine Floating Offshore Wind Platforms

Designing MUFOWPs capable of accommodating turbines in the same alignment is imper-
ative to eliminate shading effects between upwind and downwind turbines. Consequently,
developing turret-bearing systems for platforms that support more than two turbines is highly
challenging and extremely costly. Moreover, mooring such platforms with non-weathervaning
systems deprives them of the ability to orient towards the wind automatically, rendering them
susceptible to wake interference from aligned turbines. This, in turn, results in increased
dynamic loads on critical superstructure components, such as mooring systems and power
dynamic cables (Y. H. Bae, 2013).

To obtain an ideal configuration for a twin-turbine platform, it is crucial to strike a balance
between minimising wake interactions, ensuring acceptable tower base loads, and maintain-
ing tolerable nacelle and platform accelerations and motions. This requires a comprehensive
evaluation of platform weight, motion characteristics, tower loads, and nacelle accelerations
across a spectrum of operational and extreme load scenarios that are typically known to drive
FOWT designs (Hanssen et al., 2015; Udoh & Zou, 2020).

Figure 2.6: Visualisation of a twin-turbine floating offshore wind platform with a central-turret
mooring system. (a) Combined elevation view of three configurations with optimised columns
and towers: (grey) vertical, (yellow) inclined towers at 8°, and (turquoise) inclined towers at
16°. Views of the 16° inclined-towers configuration: (b) elevation, (c) plan. After Udoh & Zou
(2020).
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For instance, Udoh & Zou (2020) performed a parametric design analysis on a twin-turbine
floating offshore wind platform featuring a central turret mooring system, see Figure 2.6.
They assessed three configurations: a base case with vertical columns and towers, inclined
towers at 8°, and inclined towers at 16°. Findings indicated that a reduction in platform length
combined with outwardly inclined turbine towers resulted in favourable motion characteristics,
thus demonstrating the feasibility of an optimal tower inclination (Udoh & Zou, 2020).

W2Power is also a successful pilot of a twin-turbine floating offshore wind platform (W2Power,
2010; EnerOcean S.L., 2007). Given that one of the objectives of this thesis is the devel-
opment of a multi-unit FOWT, considering the W2Power concept as a case study, the TRL
(Technology Readiness Levels) development trajectory and multi-use solutions of the platform
are further detailed in Appendix A.

2.7 Chapter Summary

This chapter comprehensively reviewed various MUFOWP designs, such as steel-based,

concrete-based, and pontoon-type platforms, and explored their hydrodynamic behaviours

and stability under different environmental conditions. However, there remains a gap in how

these MUFOWPs influence structural responses and mooring system dynamics of FOWTs un-

der combined wave-current conditions. For instance, detailed investigations on how MUFOWPs
mitigate dynamic loads or enhance operational efficiency in the presence of currents are

underrepresented. In turn, Research Question 1 in Section 1.7 aims to explore the influence of

a specific MUFOWP concept, W2Power, on structural responses of the floating system under

wave-current loads.

Moreover, while existing literature underscored the necessity of integrating current effects into
the design of FOWTs, there remains limited explicit detail on the methodologies and numerical
models to be employed for accurate simulation of current-wave interaction. Thus, Research
Question 2, Section 1.7, seeks to address this gap by examining the extent to which currents
impact the design process of FOWTs and by investigating approaches to incorporate current
effects into coupled analyses. This critical exploration will be further developed in Chapter 3,
where an in-depth review will be explored on the implications of current and its interaction with
waves on the motion responses of MUFOWPs and the dynamics of their mooring systems.
Addressing these challenges and advancing robust analysis techniques are crucial for the
successful commercialisation of floating wind technologies.



Chapter 3

Wave-Current Interaction and lts
Implications for Offshore Structures

3.1 Introduction

The chapter aims to delve into the dynamic responses of FOWTs and their mooring systems
in combined wave and current environments. It further identifies key challenges and know-
ledge gaps by critically evaluating existing research on FOWTs, wave-current interaction, and
numerical simulations while suggesting potential areas for future research. This review lays
the groundwork for subsequent chapters that will present original research aimed at exploring
the extent to which tides and their interaction with waves impact the structural responses of
FOWTSs and the dynamics of mooring systems when deployed in wave-current environments.

3.2 Chronological Overview

The literature on theoretical approaches toward wave-current interaction has been extensively
studied since the work of Barber (1949). Subsequent important contributions include the
papers by Longuet-Higgins & Stewart (1960), Bretherton & Garret (1970), and Dalrymple
(1973). Then the highly illuminating work by Peregrine (1976), Phillips (1977), Thomas (1979)
and Jonsson (1990). These studies have laid the foundation for most investigations in this field
and are the basis for the widely used spectral wave models crucial for forecasting in oceanic
and coastal environments.

Waves are typically driven by wind, gravity, and tidal forces. Predicting the changes that
random waves undergo when interacting with currents is relatively straightforward when the
currents align with the waves. However, the effects become more complex when an opposing
current exists due to increased wave-breaking events (T. S. Hedges et al., 1985). Additionally,
when currents are oblique to the wave direction, the interaction can lead to wave refraction and
diffraction, further complicating the wave dynamics and potentially increasing the variability
and unpredictability of the wave field (Pascal et al., 2009; S. Draycott et al., 2021).

When waves and currents interact with each other, leading to the following mutual effects:

25
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o Effects of currents on waves:

» The interaction between waves and currents alters the wavenumber and frequency
due to phenomena such as shoaling and refraction, where the depths and currents
influence the dispersion relation of the waves. The Doppler shift theory explains these
alterations by describing how the relative motion of currents to waves affects their
characteristics. The Doppler shift theory explains how variations in wavelength occur,
with following currents lengthening waves and opposing currents shortening waves
(Jonsson et al., 1970; Jonsson, 1990; Masson, 1996; J. Smith, 1997).

» Wave dynamics: Currents can modulate wave amplitudes, which affect the energy
and height of the waves. These changes can impact the conservation of wave ac-
tion, which is the principle that wave energy in a system remains constant unless
acted upon by external forces (Jonsson et al., 1970; Moreira & Peregrine, 2012). For
example, the interaction of waves with a current of a speed of 2 m/s can increase
both their wavelengths and phase speeds by up to 26% under following currents and
decrease them by up to 31% under opposing currents (Jonsson et al., 1970).

o Effects of waves on currents:

+ Induction of longshore currents: Waves generate longshore currents due to radiation
stress, which is the force exerted by waves on the water column. This effect is partic-
ularly significant near shorelines, where it can shape coastal processes and sediment
transport (Longuet-Higgins & Stewart, 1964).

+ Alteration of bottom friction coefficient: Waves modify the bottom friction coefficient
for currents, impacting the vertical structure of current profiles and the overall energy
dissipation in the boundary layer near the seafloor (Prandle, 1982).

3.3 Theoretical Framework

Novel frameworks developed to calculate the current and current-modified wave parameters
have shown how the resulting combination largely determines the loading on offshore struc-
tures and floating buoys (A. C. Pillai et al., 2021). The dynamics of a coupled wave-current flow
are governed by the Navier-Stokes (N-S) equations. These fundamental equations describe
how the velocity field of a fluid evolves over time and space, taking into account various forces
and fluid properties.

By solving the N-S equations, we can predict the interaction between waves and currents,
which is key for addressing the research questions and objectives of the research project;
refer to Section 1.7. The N-S equations consist of the energy, momentum, and continuity
equations. The equation of continuity is given as:

du dv dw

$+?y+7z_0 (8.1)
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and in a Cartesian coordinate system of x represents the streamwise direction and z repres-
ents the vertical, the momentum equations for an incompressible fluid with respective velocity
components (u,v,w) are given as follows:
du Jdu Jdu  du 1dp )
—tu—+v— — =———4VV 3.2
8t+u8x+vay+waz p8x+ u+ fx (3.2)
dv. dv  dv  dv 1dp )
— 4 u—4v— — =———+4VV , 3.3
3t+u8x+v8y+wﬁz p8y+ v+ fy (3.3)
ow dw  dw  dw 1dp ’
—tu—+v— — =————4VV 3.4
8t+u8x+vay+waz paz+ w+ f2 (3.4)
where p, p, t and v are the static pressure, density, time and kinematic viscosity, respectively.
V? depicts the Laplacian operator in three dimensions; f;, fy» and f; are the forces per unit

mass acting on the body.

In a combined wave-current environment, the velocity and pressure components can be
expressed as:

Substituting these equations, Equations (3.5) to (3.8), into the fundamental N-S equations,
Equations (3.1) to (3.4), gives the corresponding equations for a combined wave-current
motion. Note that the velocity component in each direction of the combined flow contains
a periodic component in addition to the steady and random ones, which is also true for the
pressure component. For a quantity N, its time-average over the samples is N, Nisits periodic
component, (N) is its ensemble-average, and N is its turbulent component. For a wave with a
period T and f cycles for ensemble-averaging, (N) and N can be expressed by:

-1

<N>:12N(z+jT), 0<t<T (3.9)
fj:()
N(t)=(N)—N, 0<t<T (3.10)

Scientists have employed various wave-current interaction models to solve these equations.

These models can be categorised into two main types: numerical models and analytical
approaches. The latter is thoroughly reviewed and accompanied by mathematical formulae
involving simplified N-S equations based on specific assumptions to fulfil the objectives of this
EngD thesis; refer to Section 6.8 for further details.
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3.4 Numerical Models

Numerical models are computational tools used to simulate physical processes by solving
mathematical equations that describe these processes. In the realm of WCI, numerical mod-
els solve the N-S equations to predict how waves and currents interact in various marine

environments.

Early studies of wave-current interaction were conducted in laboratory-based wave tanks.
However, with the advancements in computing, Computational Fluid Dynamics (CFD) numer-
ical wave tanks emerged as an alternative, significantly reducing the associated experimental
costs. Many researchers have investigated the combined wave-current interaction using the
N-S equations by employing various CFD solver approaches and numerical wave tank sim-
ulations (X. Zhang, Simons, et al., 2022). Open-source and commercial CFD programmes,
such as ANSYS’s Fluent (ANSYS, 2016), are available for simulating flow dynamics.

The accuracy of such simulations is assessed by comparing experimental data with model
validation results. Due to cost limitations, spatial constraints, and measurement capabilities,
extensive experimental investigations on the wave and current interaction have been limited.
In such cases, verifying the results of one CFD technique with another becomes conceivable.

Wave modelling employs two main methods: phase-resolved and phase-averaged models.
Phase-resolved models are deterministic models that excel at depicting abrupt changes in
waves (Fritts & Alexander, 2003). These models resolve individual wave phases, capturing
rapid variations in wave characteristics over distances relative to the wavelength (X. Zhang,
Simons, et al., 2022).

In contrast, phase-averaged models are spectral models that average wave phases over time
and space. These models describe statistical properties such as significant wave height and
wave period without resolving individual phases. The spectral nature of these models makes
them particularly useful for long-term and large-scale simulations, providing valuable insights
into wave climate dynamics and their applicability in climatology (Fritts & Alexander, 2003;
X. Zhang, Simons, et al., 2022).

3.5 Theoretical and Numerical Studies

Extensive numerical and theoretical research have examined wave-current interaction and
its impact on ocean dynamics. Numerical studies utilise computer models to simulate and
analyse the effects of various factors, such as the currents’ strength and direction and the
waves’ characteristics, on the ocean’s dynamics. On the other hand, theoretical studies em-
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ploy mathematical equations to analyse and comprehend the fundamental physics and under-
lying mechanisms governing this interaction using mathematical equations. In turn, theoretical
investigations contributed to developing robust models that can accurately predict such inter-
action behaviour.

Longuet-Higgins & Stewart (1961) focused on wave-current interaction for regular waves,
while N. E. Huang et al. (1972) examined random waves. In the case of linear regular waves,
when the current is in the direction of wave propagation, the wave amplitude decreases and
the wavelength increases. Conversely, when the current opposes the wave direction, the wave
amplitude increases and the wavelength decreases, as depicted in Figure 3.1.
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Figure 3.1: Diagram illustrating the interaction of pure waves with uniform currents. Changes
are indicated in wave heights (H) and wavelengths (1) due to interaction with current fields.
Examples show waves interacting with a following current (a-b), where the wave height
decreases and the wavelength increases. Also, waves interacting with an opposing current
(c-d), where the wave height increases and the wavelength decreases. Subscript ‘a’ denotes
the presence of current.
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Similar behaviour, as observed by Longuet-Higgins & Stewart (1961), was encountered in
random wave fields, leading to modifications in both the amplitude and position of the energy
peak in the spectrum. Furthermore, the wave spectrum’s root mean square (RMS) surface
slope exhibits high sensitivity to changes in current conditions, particularly in opposing current
scenarios. Integrating surface slope data with a generalised dispersion relation offers a poten-
tial current measuring approach for applications of current measurements (e.g. stereoscopic
photography and radar scattering) (N. E. Huang et al., 1972).

Tung & Huang (1974) investigate the effect and sensitivity of current on many statistical
features of irregular waves (such as the amplitude of maxima, number of zero crossings
and specular peaks). It was found that the presence of the current moderately influences
the statistical features of sea surface maxima, whereas the zero velocity, specular point, and
point of inflexion are significantly influenced.

These parameters are crucial for assessing the impact of waves on marine and offshore
structures (Faltinsen, 1993). For example, the amplitude of maxima affects the design loads
on structures, influencing their stability and safety. The number of zero crossings relates to the
frequency of wave loading, which impacts fatigue life. Specular peaks and points of inflexion
are critical for understanding wave-structure interactions, affecting how forces are distributed
along the structure (Clemens et al., 2008). Therefore, understanding these influences is
essential for designing resilient and efficient marine structures.

In line with N. E. Huang et al. (1972), incorporating these characteristics can help extract
current measurements effectively from wave records by employing remote sensing devices.
Burrows & Hedges (1985) demonstrated the influence of currents on the characteristics of
an integrated wave. T. Hedges (1987) Hedges (1987) states that including wave-current inter-
action is critical in studying bottom pressure data for waves and calculating energy specitra,
refraction and loads on offshore structures, particularly under extreme waves.

Jonsson (1990) provided an overview of wave-current interaction and explored the impacts of
depth-varying currents and their consequences when waves propagate into tidal-driven flows.
Hedges & Lee (1992) provided a set of formulas for predicting a uniform equivalent current in
wave-current analysis. Soulsby et al. (1993) investigated WCI in a transverse plane, covering
wave kinematics and dynamics, bottom shear stresses, and wave-induced mass transfer.
They demonstrated that a mean current estimation can accurately predict the wavelength
and bottom orbital velocities. It was shown that currents on the North-western European
continental shelves (i.e. the North Sea) influence wave models and must be considered
unsteady (Tolman, 1990, 1991b,a).
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Wolf & Prandle (1999) explored potential interaction mechanisms between waves, tides, and
surges. Based on SCAWVEX project data (Wyatit et al., 1998), they examined the effects of
depth and current variations on waves and the reciprocal effects of waves on tidal currents.
Their findings revealed that wave-induced changes in tidal currents predominantly occur in
water depths below 50 m, whereas, in shallower water with a depth of fewer than 20 m, a
dramatic effect manifests as dispersive point wave velocities for waves with periods longer
than 6 s. The apparent amplitude of tidal currents decreased as wave height increased; they
also recommended concurrent monitoring of waves and currents in shallow waters.

Researchers have widely utilised singularities to model free-surface flows, providing valu-
able insights into various natural phenomena’ fundamental aspects and complexities. The
pioneering work of Lamb (1932) highlighted the importance of singularities in free-surface
flow modelling. In fluid mechanics, singularities have found applications in studying nonlinear
effects caused by underlying currents and understanding disturbances on the free surface
induced by vortex and sink flows (Tuck & Vanden-Broeck, 1984; Vanden-Broeck & Keller,
1987; Mekias & Vanden-Broeck, 1989; Mekias & Vanden-Broeck, 1991). Contributions in
modelling underlying flows employing singularities have been made by Tyvand (1991, 1992),
Hocking & Forbes (1992), Miloh & Tyvand (1993), Barnes et al. (1996), Xue & Yue (1998),
(Moreira, 2001), Stokes et al. (2003, 2008) and Suastika & Battjes (2009).

Moreira & Peregrine (2010) developed a fully nonlinear model to investigate the interaction
between a free-surface flow with surface tension and a submerged cylinder. Once the waves
have dissipated, it was found that unsteady flows tend to converge towards a steady solution,
whereas a steady solution was not attained in some cases. Intriguing phenomena were also
observed close to the free surface, including the emergence of "parasitic capillaries" and
the formation of capillary-gravity waves upstream of the submerged cylinder. Inspired by the
experimental investigations of Chawla & Kirby (1998) and Suastika et al. (2001), Moreira &
Peregrine (2012) further modelled the interaction between wave groups and currents numer-
ically. The analysis involved identifying the number of waves within each group by calculating
the frequency difference between two monochromatic waves with similar amplitudes but slight
frequency variations. They addressed the initial constraints by superimposing two uniform
wave-train components, focusing on the cleanest wave groups (i.e. bichromatic waves with
zero energy transmitted to the sidebands).

Q. Yang & Liu (2018) simulated wave-current interaction in the Yellow Sea using a RANS
(Reynolds-Averaged Navier-Stokes) model. His observations revealed a significant reduction
in wave height and an increase in wave period due to the presence of currents. This has
significant consequences on coastal and offshore structures as they are designed to withstand
certain wave heights and periods that may not withstand the actual wave conditions in the
presence of currents.
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3.6 Experimental and Validation Studies

Experimental investigations have been conducted to validate the accuracy of the theoretical
frameworks. Brevik & Bjarn (1979) and Brevik (1980) performed wave-current experiments
in large-scale flumes with rippled and smooth beds, respectively. In all tests, the average
velocity was measured by adopting a micro-propeller and was found to decrease as the wave
propagated with the flow. The friction factor was estimated by the wave-attenuation method
and was found to be more accurate when using a seabed with ripples (Brevik, 1980). The
results of the rippled bed tests were reasonably consistent with the findings of Jonsson (1966)
and Van Hoften & Karaki (1976), yet in contrast with those of Jonsson & Carlsen (1976).
Similarly, the results from the smooth bed experiments were in reasonable agreement with
the predictions of linear wave theory.

The Airy wave theory and Stokes wave theory are some of the wave theories used to cal-
culate wave forces on offshore structures (Thomas, 1981). The former is the foundation for
the commonly used models for linear wave-current interactions. These models consider the

changed wave frequency and wave dispersion relation due to an underlying current.

Thomas (1981, 1990) developed two numerical models for the interaction of currents of arbit-
rary vorticity with linear and nonlinear regular-wavetrains. The linear wave model was based
on the Airy theory, whereas the second model was extended from the work of Dalrymple
(1973, 1977). Furthermore, experiments were undertaken to provide validation data, and a
good agreement was obtained between the models and tests regarding the predictions of
the wavelengths and velocities of the particles travelling through the waves (Thomas, 1981,
1990).

Experiments have investigated how wave superposition changes turbulence properties, such
as boundary layer thickness and velocity profile. Bakker & Van Doorn (1978) researched
wave paths where waves propagate with the current over a rocky bed. They employed Laser
Doppler Velocimetry (LDV) to derive velocity distributions and compared them with theoretical
solutions using mixed-length theory. The experiments focused on horizontal oscillating flow,
particularly relevant to oscillating water tunnel data. The measured instantaneous mean ve-
locities agreed with the predictions of Bakker’s first developed model Bakker (1974) and the
improved one Bakker & Van Doorn (1978), thereby validating the hypothesis.

Utilising a LDV, Umeyama measured Reynolds stress and velocity components in a combined
wave-current environment (Umeyama, 2005, 2009). Wave characteristics (e.g. height and
period) were found to be related to the mean velocity and logarithmic profile differences. Flow
reversal near the bottom was detected, indicated by the average phase of horizontal velocity.
Consequently, a lagging behaviour in the velocity profile was observed. He further employed
Particle Imaging Velocimetry (PIV) and Particle Tracking Velocimetry (PTV) to track water
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particle trajectories and capture instantaneous velocity fields. In the presence of a current,
the periodic circulations (i.e. made up of clockwise and counterclockwise vortices) lost their
structure, although they should be distinguished from horseshoe vortices within the turbulent
boundary layer (Umeyama, 2011).

In a laboratory flume, Singh & Debnath (2016) experimented then combined wave-current
effects in a free-surface turbulent flow. An ADV was utilised to measure velocities and then
analyse the turbulent characteristics of the complex wave flow. They observed changes in
the mean velocities, Reynolds shear stress, and turbulence intensities due to the interaction
between waves of varying frequencies and a current-only flow.

Furthermore, the average velocity profile exhibited a distinct dip in the upper zone and in-
creased near the bed. This is crucial as it indicates potential issues for marine structures:
reduced flow in the upper zone could affect sediment transport and scour, while increased
velocities near the bed imply higher shear forces that can increase erosion and structural
loading. Deviations from the known turbulent boundary layer behaviour were also observed,
hence, emphasising the need for reliable experimental data to understand the quadrant con-
tribution to Reynolds shear stress (Singh & Debnath, 2016).

Sleath (1993) looked at the velocity field and flow kinematics in complex flows where waves
propagate perpendicular to the flow. Different bed designs were tested using a vibrating bed
flow flume to simulate a mixed wave boundary layer. LDV was employed to quantify velocity,
revealing that the average velocity distribution aligns qualitatively with the flow field when the
flow carries the wave. Building upon this technique, Ranasoma & Sleath (1994) extended the
experimentation to include the effect of bed ripples. It was found that a logarithmic distribution
was applicable in the outer region but not near the bed, attributed to the formation and
shedding of eddies near the ground.

In addition to the contributions of Bakker & Van Doorn (1978), Brevik & Bjgrn (1979) and
Brevik (1980), Kemp & Simons (1982, 1983) conducted experiments to investigate the tur-
bulence characteristics of the wave boundary layer and wave-current interaction near the
seafloor. All experiments were then validated against the theoretical models developed by
Davies et al. (1988) and Fredsge (1984), and reasonable agreements were obtained, partic-
ularly with the measurements of Bakker & Van Doorn (1978). Based on experimental data
obtained from the UKCRF (Simons et al., 1995, 1997), Myrhaug et al. (2001) extended the
approach proposed by Myrhaug (1995) to investigate bottom friction under combined random
waves and both orthogonal and near-orthogonal currents. Fernando et al. (2011) measured
the velocity across the uneven seabed using an ADV in a wave pool (i.e. length 24 m, width 10
m, depth 0.9 m. The orthogonal regular waves were found to slow down near-bed velocities.
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Lim & Madsen (2016) employed an ADV in the National University of Singapore Hydraulic
Engineering Laboratory to experiment periodic waves interacting with near-orthogonal cur-
rents over smooth and uniform fixed roughness beds. A linear interaction was observed in
the smooth bed scenario. As a result, they found that the perception of roughness predicted
by Grant & Madsen (1979) is overestimated for large angles of WCI. Faraci et al. (2018)
conducted comprehensive experiments on the velocity distribution and turbulent variability of
orthogonal waves and currents over a bed with varying roughness elements, in which velocity
was measured by a MicroADV. It was revealed that the probability density functions of the
total velocity close to the bed can be described by Gaussian and double-peak distributions for
the stream-only and coupled wave-current flux scenarios, respectively. Thus providing new
perspectives on the statistical properties of near-bed velocities. In a larger tank, Faraci et
al. (2021) further examined how the current-to-wave velocity ratio and bed roughness affect
the apparent roughness. Regardless of the bed roughness type, it was discovered that adding
waves to a current-dominated flow increases the flow resistance, whereas the contrary occurs
when the flow is wave-dominated.

Inspired by their numerical simulations using the cutting-edge spectrum model, SWAN (Rusu
& Guedes Soares, 2007), Rusu & Soares (2011) conducted large-scale experiments on a
vertical U-tube at the Danish Hydraulic Institute’s 3D offshore wave basin. The analysis of the
wave frequency spectrum indicated that the following (adverse) current resulted in a substan-
tial decrease (increase) in wave height, and the experiments and simulations agreed well and
were consistent with those published by (Nwogu, 1993; Suh et al., 1994; S. K. Chakrabarti,
1996; Soares & De Pablo, 2006).

Hashemi et al. (2016) developed a simplified method based on the linear wave theory. After
validation with data from two energetic UK shelves with strong wave/current interaction (i.e.,
Pentland Firth and Bristol Channel), the method demonstrated high accuracy. As a result, it
can be utilised to effectively predict the impacts of tidal currents on the wave energy resource.
Utilising the state-of-the-art FloWave of the University of Edinburgh (D. Ingram et al., 2014),
comprehensive investigations have been carried out to assess the impact of currents on waves
in basins and to isolate incident and reflected wave spectra in the presence of current, as
well as several tools and frameworks were developed for testing physical scale models in
combined wave-current environments (Noble et al., 2015; Sutherland et al., 2017; Noble,
2018; S. Draycott, Steynor, et al., 2018; S. Draycott, Noble, et al., 2018; S. Draycott et al.,
2019; Noble et al., 2020; A. C. Pillai et al., 2021; S. Draycott et al., 2021; Gabl et al., 2021).
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3.7 Offshore Structures and Wave-Current Interaction

Waves and currents coincide in oceans and coastal regions, making them the most signific-
ant factors governing the hydrodynamic behaviours of coastal and offshore structures (e.g.
floating breakwaters, oil rigs, and renewable energy devices). Since currents influence wave-
related parameters (e.g. wavelength, amplitude, direction of propagation, and energy density
spectrum), thus, higher-velocity ocean currents significantly impact the wave-current interac-
tion (Wolf & Prandle, 1999; Tayfun et al., 1976). Moreover, low-velocity ocean currents have a
considerable impact on these wave parameters. In real-world engineering settings, the wave
and the current typically coexist. Therefore, it is crucial to estimate the velocity movements that
may induce extremely significant horizontal excursions caused by synchronisation between
floating structures and wave-current loading.

Utilising the Airy wave theory, Tung & Huang (1973) investigated the influence of WCI on
the response of slender structures by employing the Morison equation Morison et al. (1950).
lwagaki & Asano (1984) conducted flow visualisation tests to analyse the vortex characteristic
around a slender cylinder in a wave-current coexisting environment, and the hydrodynamic
forces acting on the cylinder were also examined.

Using a time-domain approach, (Isaacson & Cheung, 1993) examined the impact of current
throughout a two-dimensional body (i.e. semi-submerged circular cylinder) while consider-
ing wave radiation and diffraction. It was demonstrated that the significance of current or
forward speed influences large offshore structures in wave environments. In contrast, three-
dimensional floating structures exhibited distinct behaviours when subjected to the combined
effects of wave-current diffraction and radiation, in contrast to pure wave action. A higher-order
time-domain boundary element method was developed by Zhen et al. (2010) to simulate the
interaction of these structures with wave-current conditions. Compared to frequency domain
techniques, the method showed excellent agreement in predicting the body’s response, wave
run-up, and wave-induced forces.

From 20 to 25 years ago, several research projects focused on investigating the effects
of wave-current interaction and calculating wave drift damping on offshore structures (Pan
et al.,, 2016). New methods have been introduced to assess wave drift damping in which
the frequency domain zero speed velocity potentials are rectified by including the first-order
disturbed components resulting from the sluggish forward speed (Nossen et al., 1991; Finne
& Grue, 1998; Finne et al., 2000).

For large structures, using the diffraction theory (Chakrabarti, 1987), Watanabe (1982) as-
sessed the wave-current forces resulting from the interaction of plane waves with currents.
They found that the wave dispersion relation in the flow field around the structure varies with
position coordinates but reduces to the dispersion relation for waves on still water at stagnation
points.
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Jian et al. (2008) researched the wave-current forces exerted on a bigger-size cylinder by
interacting short-crested waves with ocean currents. Wave-current interactions were found to
have a relatively small effect on the structural response of the large-size rigid structures, which
can be attributed to the fact that these structures are fundamentally designed at frequencies
considerably higher than the frequency of the predominant waves (Wu, 1976).

Saruwatari et al. (2013) investigated the effects on marine energy converters and found that
strong currents of up to 3 m/s when interacting with large waves can increase or decrease
wave energy by up to 60% at maximum. Furthermore, local effects can increase considerable
wave height by 150-200% when these large waves oppose the current. Therefore, an in-depth
understanding of the WCI at such locations is required during both the development and
operational phases of marine energy projects. Particularly for a wind farm at a typical site with
strong tidal currents and sheltered wave conditions. (Saruwatari et al., 2013; D. M. Ingram,
2011).

Based on the Boundary Element Method (BEM), Ryu et al. (2003) developed a numerical
wave tank (NWT) to investigate nonlinear wave-wave and wave-current interaction and the
subsequent kinematics. It was found that the implications of such nonlinear interaction effects
are crucial for the design of coastal and offshore structures. Employing ANSYS Fluent Solver
(ANSYS, 2016), CFD simulations in a viscous numerical wave tank were done by S.-Y. Kim et
al. (2016) to further investigate the loads of wave-wave and wave-current interaction on fixed
offshore substructures. The numerical results demonstrated that wave loads in conditions with
wave-current interaction exceed those predicted by a linear combination of wave and current
loads due to non-linear wave deformation effects.

These simulations were then rigorously validated against experimental data from Chakrabarti
& Tam (1975) and the Morison et al. equation (Morison et al., 1950). S.-J. Kim & Kim (2022)
developed a three-dimensional, fully nonlinear potential-flow-based NWT to examine wave-
current-body interaction on fixed and floating structures. It was demonstrated that WCI affects
second-order wave loads (mean drift force) more than first-order wave loads, particularly near
the resonance region. The model accurately predicted the wave frequency, mean-drift wave
loads and wave drift damping when verified against Kinoshita & Bao (1996) and D. Kim & Kim
(1997). Among various CFD codes like REEF3D, OpenFOAM and CFX, ANSYS-Fluent was
found to be the most reliable and user-friendly software for modelling fluid-structure interaction
near the free surface in offshore environments, particularly for complex multi-component
structures (Ahmed et al., 2020).
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Systematic experiments were conducted by L. Chen et al. (2022) to explore the effects of WCI
on the pore-water pressures around a monopile in a two-dimensional wave flume. Around the
monopile, the hydrodynamic and seafloor responses induced by irregular WCI were stronger
than those brought by regular WCI. For CALM (Catenary Anchor Leg Mooring) buoy struc-
tures, WCI was found to considerably affect their stability, hydrodynamic characteristics, and
deformation. Therefore, buoy manufacturers must consider WCI when constructing these
buoys (Amaechi et al., 2022¢,b,a; Ju et al., 2023).

WOCl is a key optimisation factor for marine current turbines, alongside parameters like under-
water positioning and blockage effects (Rotor, 2023). Ongoing research highlights substantial
velocity variations throughout the water column, even in relatively sheltered sites (Sellar et al.,
2017). Since wave direction relative to current determines the level of wave-current interaction,
high currents at certain angles to the incident wave potential can significantly impact the tur-
bine’s efficiency and health. Hence, for resource characterisation and assessing implications
on turbine performance and its control system, WCI must be thoroughly considered when
evaluating potential deployment locations (de Jesus Henriques et al., 2014; Tatum et al., 2016;
Rotor, 2023).

Floating wave buoys were tested in combined wave-current environments by S. Draycott et
al. (2022). Large pitch and heave motions are observed in high-frequency opposing WCI
conditions due to higher wave heights and increased wavenumbers caused by current. Yaw
motions are insignificant, very low-frequency, and unrelated to wave forcing in wave-only
conditions. Following currents reduce heave motion while opposing currents increase them,
a phenomenon induced by additional restoring forces due to the nonlinear coupling effect of
heave and pitch. Furthermore, currents and their interaction with waves induced large vortex-
induced motions (VIM) exceeding the buoy diameter.

3.8 WCI Implications on Bottom-Fixed Offshore Wind Turbines

Offshore wind turbines (OWTs) are subjected to various environmental loads, such as wind,
waves, currents, earthquakes, and ice loadings (Van Der Tempel et al., 2011), Figure 3.2.
Several investigations have been carried out to determine their dynamic behaviours. Bottom-
fixed offshore wind turbines mostly dominate offshore wind installations today. Despite the
importance of wave-current interaction on the dynamic responses of offshore wind turbines,
there have been relatively limited studies in this area. In shallow and intermediate water
depths, the potential impacts of the WCI on fatigue loading of bottom-fixed wind turbines
were identified physically (i.e., using in-situ measurements) (Peters & Boonstra, 1988) and
emphasised numerically by methods of spectral fatigue analysis (Peeringa, 2014). Including
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WOCI in the calculation of design loads for these structures leads to an increase in fatigue load
by 11% and a reduction in the 20-year fatigue life by 5% compared to scenarios where WCI
effects are not considered (Peeringa, 2014). Thus, integrating WCI considerations is crucial
in the design of offshore wind turbine structures (Peters & Boonstra, 1988; Peeringa, 2014).

Santo et al. (2017) experimentally validated the application of simple porous blocks to mimic
complex space-frame structures (e.g. truss offshore wind platforms) under combined large
waves and in-line currents. Flow behaviour shows significant similarity between regular waves
with in-line sheared and uniform current: the wake downstream of the tower is strongly in-
fluenced by the waves, while flow within the tower remains relatively straightforward. The
diagonal loading configuration attracts higher forces, emphasising the structural orientation’s
role in the structure’s survivability. Comparisons with the analytical current blockage models
of Taylor et al. (2013a) and Taylor et al. (2013b) for steady uniform current, as well as Santo
et al. (2015)’'s CFD numerical simulations, demonstrate overall good agreement in terms of
peak forces and force time history shapes.

X. Chen et al. (2014) modelled the effects of WCI on a single-pile OWT (Rogers & Still,
1999). WCl resulted in a 17.6% relative error in the free surface elevation and up to 26.88%
differences in wave-current loads. The turbine subsequently has experienced substantial and
irregular dynamic responses. In locations of strong currents of the same order of magnitude as
the wave kinematics (e.g. South China Sea), WCI can raise average loads on fixed structures
by 15%. Thus, accounting for WCl is important when calculating the ultimate base shear and
overturning moments for these structures (Latheef et al., 2018).

The impact of WCI on sediment scouring around fixed wind turbine structures has been a
topic of recent research (Lin et al., 2023). The scour depth was found to increase with the
incident wave height at the turbine pile. Considering WCl is crucial for accurately estimating
and predicting the scour pit’s shape and depth (Aminoroayaie Yamini et al., 2018). Installing
OWTs in seismic regions requires accurate simulation of dynamic soil-pile interaction, which
is challenging. The complexity arises from soil nonlinearity due to wind-wave loads and pile
scour induced by WCI (Liang et al., 2022, n.d.). WCI was also discovered to impact seabed
instability near a jacket foundation, with a notable effect with a following current. This inter-
action tends to liquefy the seabed more significantly around downstream piles than upstream
piles (Wei et al., 2022).

P. Wang et al. (2019) analysed short-crested wave diffraction interacting with uniform currents
on an axisymmetric composite bucket structure. The wave’s incident angle relative to the
current velocity notably influences wave run-up, wave forces, and inertia and drag coefficients,
particularly when waves and currents are aligned. WCI's effects increased with increased total
wave numbers and decreased water depths. Thus, WCI-induced loads should be meticulously
considered in the design of the composite bucket foundations for OWTs.
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Y. Hu et al. (2020) pioneered experimental research on the influence of wind-wave-current
interaction on the towers’ dynamic responses of monopile offshore turbines. Compared to
wave effects, the current field has a pronounced effect on the monopile dynamics, particularly
under WCI events.

Integrated offshore wind and aquaculture applications are important because they represent
innovative approaches to maximising ocean space utilisation. Studies have shown that WCI
has minimal impacts on system dynamics in such integrated setups (H.-Y. Wang et al., 2021).
These limited impacts can be attributed to the effectiveness of the circular cages in wave
resistance (Beveridge, 2008). Compared to the traditional solid-floating structures, P. Wang
et al. (2021) found that air-floating structures significantly reduce structural responses when
subjected to combined wave-current loads, indicating their practical feasibility to support wind
turbines.

3.9 WCI Implications on Floating Offshore Wind Turbines

For the design and lifetime safety of FOWTs, the dynamic response in storm conditions,
as well as the static stability and coupled dynamic response under operation conditions,
are of paramount importance and, hence, have been an ongoing research focus. Analyses
of FOWTs must consider complex external loading conditions caused by wind, waves and
currents, along with structural loads such as hydrostatic pressure and ballast loads. Therefore,
understanding the dynamic behaviours of FOWTs, such as platform motions and mooring
dynamics, is essential for designing an optimal floating system that withstands harsh offshore
conditions (J. M. Jonkman & Matha, 2011; Butterfield et al., 2007; A. C. Pillai et al., 2018a).

Sea currents are a potentially significant loading source for FOWTs that act as a constant
lateral drag force on the platform, dynamic export cables, and mooring lines (Matha et al.,
2011). Marine growth should also be considered in these assessments since it impacts flow
and surface roughness, directly influencing the drag coefficient of the system elements. The
flow characteristics and drag increase due to marine growth are crucial factors to account
for in these simulations (Wright et al., 2016; Spraul et al., 2017). DNV offshore standard
recommends that they should be accounted for in mooring simulations (DNV-OS-E301, 2010).

Nevertheless, previous investigations utilising linearised or quasi-static cable models disreg-
arded the current effects on mooring lines (J. M. Jonkman, 2007). These currents affect
the operating point of the mooring system of FOWTs and result in the mooring lines’ static,
dynamic, and damping responses (Hall et al., 2014). Moreover, for the overall floating system,
currents can cause floater VIM, static offset, and augmented wave drift forces (Gon'calves et
al., 2021). These currents can be triggered by winds, tides, or density changes, as illustrated
in Figure 3.2.
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Figure 3.2: Schematic diagram of the environmental loads and fluid-structure interfaces
experienced by a FOWT. It also shows the influence of wind-driven and near-shore currents
on a floating platform moored in deep water (dynamic export cable not to scale).

Early FOWT installations were in low-current locations. However, future deployments move
into deeper waters, including potentially high-current locations such as the Gulf of Mexico,
the North Sea, and offshore Japan. Consequently, dynamic excitation of FOWTs becomes
an increasingly critical challenge (Matha et al., 2011). When ocean currents are present,
wave-induced drift forces, also known as wave drift damping, tend to increase (R. Zhao &
Faltinsen, 1988; Stansberg et al., 2013). Applying the potential theory developed by R. Zhao
& Faltinsen (1989), wave drift damping has been estimated by Aanesland et al. (1990) for
different combinations of wave frequencies and current velocities for a TLP; full-scale results
are shown in Figure 3.3.

For spar FOWTs, Qu et al. (2020) explored the impact of the interaction between freak waves
and constant currents on their dynamic responses. Following currents were observed to have
more pronounced effects on second-order wave loads than opposing ones. Understanding
the physics of WCI is important in identifying the severest wave conditions that, in turn, are
key for the dynamics of FOWTs and their fatigue and ultimate design considerations.
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Figure 3.3: Impacts of wave-current interaction on the mean wave-drift force in the surge (F1)
for a full-scale TLP structure as a function of wave period (T), current velocity (U,), wave
amplitude (), and water density (p); reproduced from R. Zhao & Faltinsen (1989).

Zheng et al. (2020) examined WCI effects on a 6 MW spar FOWT under park conditions
using a cubic BEM in the time domain. Current significantly influenced low-frequency motions
and mean wave-drift forces, while second-order sum-frequency responses are insignificant.
Viscous drag loads have a notable impact on wave-drift forces, particularly with increasing
wave steepness, but do not strongly affect motion responses.

In order to determine the “pseudo” quadratic transfer functions of surge wave drift forces
in varying sea states, Fonseca et al. (2022) conducted systematic wave-current tests on a
1:36 scale model of a SAITEC 10 MW FOWT. They used a second-order signal analysis
method and found that wave drift force coefficients decrease as sea state severity increases.
Wave-current effects amplify wave drift forces when waves and currents coincide, with a more
pronounced impact in small sea states than in large ones.

When floating platforms are placed in combined wave-current environments, current often
induces flow-induced motions (FIM), while waves generate large inertia forces. These FIM
phenomena, particularly in the transverse direction of the flow, are characterised by significant
cyclic resonance motions. In single bluff bodies like spar and mono-column platforms, this is
known as VIM and has been extensively researched in Mehernosh & Lyle (2005); Roddier et
al. (2009); Duan et al. (2016); Carlson & Modarres-Sadeghi (2018).
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WCI theoretically augments FIM and, hence, poses challenges for floating structures like
multi-column platforms, potentially reducing the fatigue life of mooring and power cable sys-
tems. While FIM has been studied for oil and gas platforms in deep waters, its impact on
FOWTs with multi-column platforms (e.g. semi-submersibles, TLPs) has been insufficiently
explored (Gon'calves et al., 2021).

The impact of collinear wave-current interaction on multi-column FOWTs has been experi-
mentally examined by Gon'calves et al. (2013, 2020). Results vary, with some cases showing
little impact on FIM when waves are added, while in other cases, waves mitigate FIM entirely.
This phenomenon was also noted by Maximiano et al. (2017) and X. Li et al. (2022). Analysis
of the fluid flow vorticity field reveals reduced FIM amplitudes due to wave-current-platform
interaction altering vortex shedding patterns and frequencies. It is worth noting that these
amplitudes are greater for floating structures with circular columns than those with square
columns (Gon'calves et al., 2021). Interestingly, unlike prior studies where waves tend to
mitigate VIM in collinear WCI, Li et al. X. Li et al. (2023) found that waves could enhance
VIM when there is a non-zero wave-current angle. Furthermore, it has been observed that the
largest platform motion does not necessarily result from the largest wave height in the lock-in
region; a smaller wave height with a larger wave period can induce even greater motion.

3.9.1 Impacts on Motion Responses

Wave-current interaction is one of the nonlinear forces that could lead to significant second-
order loads, yet its impact on FOWTs remains insufficiently investigated. As demonstrated
by Robertson et al. (2013), it is essential to consider second-order loads when analysing
different FOWT concepts. These second-order forces generate both low-frequency and high-
frequency loads based on the difference and sum of frequency components, respectively.
For instance, the natural frequency for TLP FOWTs in the vertical plane often exceeds the
dominant wave frequency, meaning that difference frequencies can trigger resonant motion in
pitch and heave. In contrast, second-order motions for semi-submersible FOWTs can be com-
parable to first-order ones. This results in substantial horizontal excursions, with surge RAO
(Response Amplitude Operator) displacements reaching up to 10 m/m. These high RAOs are
particularly pronounced at frequency peaks below the wave frequency range (0.05-0.2 Hz) of
the investigated sea states. Such consideration is crucial for the mooring system (Robertson
et al., 2013).

Using the OC3-Hywind Spar FOWT (J. Jonkman, 2010a), L. Silva et al. (2021) observed that
WCI induces notable horizontal excursions on the platform, with the surge motion showing
particularly pronounced effects. Following currents, augmented by the subsequent flows, re-
duce the minimum, mean, and maximum values of surge motion due to current-induced drag
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while opposing currents increase them (L. Silva et al., 2021). Similarly, an opposing current
was found to increase the mean values of heave motion, while a following current decreases
them. This effect can be attributed to the nonlinear coupling between heave and pitch motions
induced by an additional restoring force in the heave direction (P. Wang et al., 2021).

Otter, Flannery, et al. (2022) invented a novel hybrid approach to simulate wave-current
interaction without requiring a physical current in basins. They tested a 1:50 scale model
of the INNWIND.EU semi-submersible FOWT (Sandner et al., 2015) at the Lir National Ocean
Test Facility (NOTF) (Lir NOTF, 2009). Results demonstrated changes in the heave and pitch
responses due to WCI, underscoring the importance of considering WCI when conducting
coupled simulations involving currents. It was also discovered that wind significantly enhances
the platform’s pitch response while it has a minor dampening effect on heave motion in
wave-current scenarios compared to wave-only conditions (Otter, Flannery, et al., 2022; Otter,
Desmond, et al., 2022).

Different numerical methods were benchmarked to address the consequences of wave-current
interaction on semi-submersible platforms and mono-hull tankers. Currents were found to alter
the air gap below the topsides of the floating platforms, and WCI prominently influenced pitch
motions and horizontal drift forces (Pan et al., 2016).

The interaction of surface waves with currents, especially in the presence of multi-directional
current profiles, introduces vortex-induced loads that significantly complicate motion responses
of FOWTs (Yin et al., 2022). For spar FOWTs, sway and roll motions are mainly governed by
the lift forces induced by vortex shedding due to WCI, as well as the heave motion. Whilst the
mean positions in pitch and the oscillations in pitch and surge were less impacted (V. Li et
al., 2018). For semi-submersible FOWTs, WCI induces more complex vortex loads due to the
wake interference between hull substructures (e.g. columns and pontoons) and the combined
effect of waves and currents. This complexity becomes particularly pronounced when there
are different headings of waves and currents; hence, in-depth investigations are needed (Yin
et al., 2022).

To investigate the implications of wave-current interaction on vibration control of FOWTs,
Sarkar et al. (2020) introduced a wavelet multi-resolution-based individual pitch control strategy.
They evaluated its performance under combined wind-wave-current conditions, accounting
for WCI. The underlying current was found to have an insignificant effect on the wind turbine
DoFs. WCl significantly impacts platform surge motion, increasing it with the following current,
as well as the tower fore-aft and platform pitch motions. Nevertheless, it does not have a
substantial impact on the performance of the controller.
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3.9.2 Impacts on Mooring Dynamics

Mooring lines are critical components of FOWTs, and accurately predicting the system’s
slowly varying motions is essential for safe design. Various factors contribute to slow drift
damping, such as viscous hull damping, mooring line damping, wave drift damping, aerody-
namic damping, and wave radiation damping (Matha et al., 2011). A current velocity of about
1 m/s can increase the mean drift force by 25-30% and the gradient of the surge drift force by
up to 3.2 N/s, impacting wave drift force and wave-drift damping for a moored FOWT (Pan et
al., 2016).

The layout of mooring lines can significantly influence their response to currents, impacting the
restoring forces of the mooring system and, consequently, the responses of the FOWTs and
cables. Thus, proper accounting for the combined effects of waves and currents on mooring
cables is crucial in coupled analyses. Wave-only cases focus on wave-induced forces, while
current-only cases examine how the steady flow affects mooring tensions. However, the inter-
action between waves and currents introduces more complex dynamics, as waves modulate
the flow around the mooring lines, and currents affect the wave-induced motions of the FOWT
and moorings. Ignoring these wave-current interaction effects can lead to overestimating cable
fatigue life, as currents tend to increase cable tension (A. C. Pillai et al., 2018a).

Therefore, understanding the physics behind both the individual and combined effects of
waves and currents is essential to accurately assess their impacts on FOWTs (L. Chen et al.,
2018). Coupled CFD-FEM approaches were implemented to assess the influence of mooring-
induced damping on FOWT vortex-induced motions in wave-current environments. In-line
horizontal offsets were found to increase due to mooring system drag loads, accompanied
by significant reductions in VIM transverse amplitudes within both the lock-in and post-lock-in
ranges (H. Huang & Chen, 2020).

The layout of mooring lines can significantly influence their response to currents, impacting
the restoring forces of the mooring system and, consequently, the responses of the FOWTs
and cables. Thus, proper accounting for the current effect on mooring cables is crucial in the
coupled analyses. Ignoring wave-current interaction effects can lead to overestimating cable
fatigue life, as currents tend to increase cable tension. Therefore, it is essential to under-
stand the physics behind this interaction to estimate their impacts on FOWTs (L. Chen et al.,
2018). Coupled CFD-FEM approaches were implemented to assess the influence of mooring-
induced damping on FOWT vortex-induced motions in wave-current environments. In-line
horizontal offsets were found to increase due to mooring system drag loads, accompanied
by significant reductions in VIM transverse amplitudes within both the lock-in and post-lock-in
ranges (H. Huang & Chen, 2020).
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Hassan et al. (2009) investigated the effects of current and its interaction with waves on
mooring line damping and low-frequency surge motion for semi-submersible FOWTs moored
by two systems: horizontal springs and catenary mooring lines. Results showed that current
increased damping for both mooring systems. WCI effects on the horizontal springs system
were negligible in moderate seas but became prominent in extreme ones, leading to augmen-
ted responses (Hassan et al., 2009; Mohamed, 2011). Using a 1:50 Froude-scale model of
a semi-submersible FOWT, Hsu et al. (2016) conducted a series of drift and drag tests in a
wave-wind-current flume. Currents were found to induce large drag forces when interacting
with long waves, consequently altering the motion responses and the mooring tensions.

Employing Airy wave theory-based models (Thomas, 1981), the impact of wave-current inter-
action on the fatigue life and dynamic structural responses of Spar FOWTs has been assessed
by L. Chen & Basu (2018, 2019). Quantitatively, the incorporation of wave-current interaction
resulted in up to 10% differences in the dynamic responses of this FOWT and up to 15%
increases in its cable fairlead tension (L. Chen & Basu, 2018, 2019).

Additionally, H. X. Nguyen (2022) looked into the interaction effect of long-amplitude waves
and currents on the same spar FOWTSs, finding that the FOWT drifted 15 m downstream in
the presence of a following current. In contrast, when the current opposes the waves, the line
fairlead tension can increase by up to 20%. The current was found to significantly impact the
horizontal and vertical displacements of the FOWT and modify the cable forces, particularly
when it is aligned with the wave direction. However, these contributions from the current alone
were not quantified (H. X. Nguyen, 2022).

3.10 Chapter Summary

FOWTs are fully nonlinear systems encompassing aerodynamics, hydrodynamics, structural
dynamics, electrical dynamics, mechanical systems, and control mechanisms. This chapter
reviewed existing literature on current and its interaction with waves and their implications
for FOWTs and mooring systems. It underscored the necessity of a thorough understanding
and accurate modelling of fluid-structure interactions to ensure the reliable and safe operation
of FOWTs. At the time of writing, current engineering tools for modelling FOWTSs, such as
OrcaFlex and OpenFAST, cannot adequately handle WCI (OrcaFlex, 2023; J. M. Jonkman &
Jonkman, 20186).
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The review highlighted significant gaps in current engineering tools for adequately simulat-
ing WCI in FOWTs. Specifically, while extensive research has examined the theoretical and
numerical aspects of WCI, practical applications and integrated models for FOWTs remain
limited. Existing studies predominantly focus on bottom-fixed offshore wind turbines, with
relatively few investigations into the dynamic responses of floating systems under combined
wave-current conditions. This gap is particularly pertinent given the increasing deployment of
FOWTs in high-current environments.

Furthermore, the review identified a need for more comprehensive studies on the impact of
WCI on the dynamic responses of MUFOWRPSs. Current literature primarily addresses single-
unit floating structures, leaving a gap in understanding how WCI affects these systems and
their mooring dynamics. Such knowledge is critical for optimising the design and operational
strategies of MUFOWPs, especially in terms of structural integrity, power generation efficiency,
and maintenance planning.

Therefore, this research aims to address the identified gaps and answer the second and third
research questions outlined in Section 1.7. Specifically, it seeks to quantify the influence of
currents on the design process of FOWTs and investigate how WCI impacts the dynamic
behaviour of MUFOWPs, mooring systems, and the overall floating FOWT system. Building
upon these insights, the next chapters introduce experiments and novel models that account
for WCI in coupled analyses of FOWTs.



PART I

Experimental Modelling of MUFOWTs in
Combined Wave-Current Environments

47



Chapter 4

Experimental Modelling of FOWTSs:
Methodology and Analysis Approach

4.1 Introduction

This chapter presents comprehensive experimental investigations to explore the dynamic
responses of floating offshore wind turbines when subjected to concurrent wave and current
conditions. Test campaigns were conducted at the state-of-the-art FloWave Ocean Energy
Research Facility, employing a 1:40 scale model of the W2Power floating platform.

To achieve the main aims and objectives of this thesis and to address the research questions
defined in Section 1.7, the scaled physical model of the multi-unit FOWT system is first
developed. Moreover, to understand the dynamics of FOWT systems in combined wave-
current environments, experiments are specifically designed to observe and quantify the im-
pact of currents and their simultaneous influence when combined with waves on the dynamic
responses of mooring systems and platform motions.

4.2 Theoretical Framework

Wave-current interaction is a complex and nonlinear phenomenon that presents significant
challenges for accurate modelling and analysis (A. C. Pillai et al., 2021). Hence, simplifica-
tions are made to approximate the complexity of modelling and allow for more manageable
mathematical formulations and computations. As such, waves are assumed to be of small
amplitudes, allowing the use of linear wave theory. Also, the current is assumed to be horizont-
ally and vertically uniform, which helps in reducing the complexity of varying current profiles,
making it easier to integrate into the modelling framework (J. Smith, 1997; S. Draycott et al.,
2021).

48
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Additionally, two reference coordinate systems (i.e., fixed and moving) are defined to better
understand wave-current modelling, as shown in Figure 4.1. The reference frame moving at
the current velocity aids in separating the effects of the current from the wave dynamics,
facilitating a clearer understanding of their individual contributions to the overall interaction
(Peeringa, 2014).

Figure 4.1: Schematic diagram of two reference frames: (a) fixed with waves and current, (b)
moving with current speed, U(z), and waves only.

In the absence of a current, wave characteristics in this moving reference frame can be
determined using the following dispersion relationship:

o, = [gktanh(kh)]? (4.1)

where m, denotes the relevant (intrinsic) wave frequency, g and & are the gravitational ac-
celeration and water depth, respectively, and k is the wave number in the direction of wave
propagation.

In the presence of a current of velocity U, wave characteristics can be calculated in a fixed
reference frame using the Doppler-shifted dispersion relationship:
1
o —x.Ucoso = +m, = £ [gk, tanh(Kk.h)]2 4.2)
in which  is the wave frequency in the fixed reference frame, the subscript c refers to a region
with a current, and o is the angle between the propagation directions of the wave and current.

Subsequently and based on the conservation of ‘wave action’ (Jonsson, 1990), the modi-
fied wave amplitude (A.) in the presence of current can be represented as (J. Smith, 1997;
S. Draycott, Steynor, et al., 2018):

— Cg 1 ’
w=o| (&) (i)
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where C, is the wave group velocity (i.e. velocity of energy propagation), and its quantity
relative to a reference frame moving at the same velocity as the current can be expressed as:

Jo, 1w (1 2K.h )

C y — — T e — —
8T 0k 2 ke sinh(2K.h)

(4.4)
These above formulas account for the interaction of regular waves and currents and are based
on the linear Airy wave theory (Thomas, 1981).

For irregular waves, N. E. Huang et al. (1972) and Tung & Huang (1974) proposed analytical
spectral models based on the solution of the regular waves model, and these models account
for the impacts of the current on the wave spectrum S(w) as:

4S(o)
1 192
[1+4e)* [1+(1+‘“§‘")2]

The spectral energy will decrease with a following current, and the opposite is true with an

S(w,U) =

opposing current. Thomas (1981) and T. S. Hedges et al. (1985) then extended the models
to account for wave breaking induced by opposing currents.

4.3 WCI Implications for Dynamic Responses of FOWTs

Emphasising the need to assess the hydrodynamic responses of floating wind turbines, Zhai
et al. (2022) integrated a barge-type FOWT with an aquaculture cage under various environ-
mental loads, including dynamic wave-structure interaction, resulting in dynamic amplification
of motion responses. Scientists also analysed the dynamic responses and structural dynamics
of FOWTs in different sea states, highlighting the coupling effects between various motion
modes of FOWTs due to such an interaction (Qu et al., 2020; Sarkar et al., 2020; L. Silva et
al., 2021; Zhai et al., 2022).

Under operational conditions, the responses of a FOWT are dominated by wind actions,
whereas under storm (parked) conditions, they are dominated mainly by wave and current
actions (Qu et al., 2020). Thus, the majority of documented experiments on FOWTs were
conducted under combined wave and wind loads (Utsunomiya et al., 2009; Coulling et al.,
2013; Y.-s. Zhao et al., 2018).
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The impact of wave-current interaction on the fatigue life and dynamic structural responses
of a Spar FOWT. Quantitatively, the incorporation of wave-current interaction resulted in up to
10% differences in the dynamic responses of this FOWT and up to 15% increases in its cable
fairlead tension (L. Chen et al., 2018; L. Chen & Basu, 2019). The interaction between long-
amplitude waves and following currents was found to drift a FOWT up to 15 m downstream.
Whereas when opposing currents interact with such waves can increase its mooring load by
up to 20% (H. X. Nguyen, 2022).

Moreover, experiments and numerical analyses at the KRISO basin revealed the impact of
wave-current interaction on wave drift force in a moving vessel, highlighting practical implica-
tions (Seo et al., 2021). Since wind turbine thrust loads significantly amplify mooring tension,
with larger turbines, the combined effect of wind and current-driven forces on mooring systems
becomes more pronounced. Therefore, stronger design considerations are required for safe
operation (A. C. Pillai et al., 2018a).

Under storm conditions, wave-current interaction can substantially impact the motion responses
of FOWTs. For example, it can surge a semi-submersible FOWT by up to 8 m and lead to
fatigue in their superstructures, such as the mooring lines and towers (L. Chen & Basu, 2018;
L. Silva et al., 2021). The interaction between constant currents and extreme waves was
found to strongly impact the structural responses of Spar FOWTs (Qu et al., 2020; Sarkar et
al., 2020).

Numerical investigations further emphasised the importance of incorporating wave-current in-
teraction in the couple analyses of FOWTs (Utsunomiya et al., 2014). Although it has been nu-
merically demonstrated that wave-current interactions considerably affect platform response,
mooring tensions, and the fatigue life of FOWTs. However, the WCI-induced loading is usu-
ally disregarded during parked conditions in physical experiments. Hence, more conceptual
understanding and experimental analysis are much needed.

Numerical investigations further demonstrated that wave-current interaction significantly im-
pacts platform response, mooring tensions, and the fatigue life of FOWTs (Utsunomiya et
al., 2014). However, despite the importance of incorporating wave-current interaction in the
couple analyses of FOWTs, the loading induced by this interaction is often overlooked during
parked conditions in physical experiments. Therefore, there is a need for further conceptual
understanding and experimental analysis to bridge this gap.
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Subsequently, the current tests aim to examine the impacts of currents and their combined
effects with waves on the mooring loads and platform motions, particularly under realistic
extreme conditions at potential deployment sites. The objective is to develop an experimental
model for FOWTs in shallow water deployments (i.e., up to 80 m depth) based on long-
term metocean data. This experimental data can then be utilised to integrate these effects
into numerical simulations and analysis processes, enabling precise assessments and design
considerations for mooring and FOWT systems.

4.4 Model Scaling

Hydrodynamic models are often scaled using the Froude scaling principles of similitude,
where the inertial and gravity forces remain consistent at both prototype and laboratory scales
(Froude, 1868). The Froude scaling laws have been extensively used in the offshore industry
to investigate fluid-structure interactions (DNV-RP-C205, 2017). Froude scaling is particularly
appropriate when gravity forces dominate, such as in wave loading. However, for flow-related
phenomena, such as current-induced drag or aerodynamic forces on turbine blades, Reyn-
olds number scaling may be more suitable because it accounts for the influence of viscosity
(De Graaff & Eaton, 2000). For instance, the aerodynamics of the turbine blades should be
scaled based on the Reynolds number rather than the Froude number, as viscosity plays a
critical role in determining flow separation and drag characteristics.

Therefore, when scaling current loads, while Froude scaling ensures consistency with wave
loads, care must be taken to consider potential discrepancies due to the contribution of vis-
cosity and the limitations of Froude similitude in capturing viscous effects. This is particularly
relevant for systems with significant aerodynamic or viscous flow effects, which are aspects
beyond this thesis’s scope. The Froude conversion factors used to convert prototype scale
data to model scale for the physical testing are listed in Table 4.1 (Edition et al., 2001).

Since hydrodynamic forces affect signals containing a force or mass term, a density correction
is required when testing in freshwater tanks. Note that the present tests were conducted
in freshwater. Therefore, all forces and masses are multiplied by the specific gravity factor
(i.e., y = 1.025), which is the ratio of the seawater density for full scale (1025 kg/m?) to the
freshwater density used for model scale testing (1000 kg/m?). However, for tests conducted
in saltwater tanks, this correction is not necessary, as the densities of the fluid at model and
prototype scales are equivalent.
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Table 4.1: Conversion factors for Froude scaling similarity.

Variable Unit Scale factor
Time [s] A0S
Mass [kg] 1.02513
Length [m] Al
Density [kg/m?] A0
Velocity [m/s] A0
Frequency [Hz] A0S
Force (tension) [N] 1.02513

4.5 Materials

4.5.1 FloWave Ocean Energy Research Facility

The experiments were conducted at the FloWave Ocean Energy Research Facility, so-called
FloWave, at The University of Edinburgh in Edinburgh, United Kingdom (FloWave, 2014).
The basin is circular with a 25 m diameter and a 2 m water depth, with a 15-meter-diameter
buoyant floor in the basin’s centre, representing the test area. FloWave provides full 360°
capabilities for waves and currents with reliable and reproducible characteristics that reflect
actual coastal waters. As shown in Figure 4.2, the tank has two volumes: upper and lower.
The former volume has a constant water depth of 2 m and is divided by a 1 m thick floor from
the lower one (i.e., the testing area). For the present study, no wind was considered, varied
wave and current directions were examined, and the following sections explain how they were
generated.

4.5.1.1 Waves Generation

The tank’s perimeter is surrounded by 168 hinged paddles, which generate waves. Waves
produced by these paddles are deterministic, meaning they can be reproduced accurately
(D. Ingram et al., 2014). There is full control over the direction of all waves, which can emerge
concurrently from multiple angles. The tank can be programmed to mimic any desired sea
state for both regular and stochastic seas. It is also possible to produce customised sea states,
such as ones with standing, concentric, or spike waves. FloWave is optimised to produce
waves with a height of 0.45 m and a period of approximately 2 s. Moreover, it is conceivable to
produce waves with large heights (i.e., =~ 0.7 m) and smaller periods (i.e., more than 1 wave
per second).
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4.5.1.2 Currents Generation

A subset of the 28 current-drive units generates currents across the tank. Each current unit
has a single 1.7 m-diameter, 5-bladed, low-solidity, symmetrical impeller housed in a flow
diffuser and powered by a 48 kW motor. The facility can generate currents of up to 1.6 m/s in
any direction, regardless of the direction of the waves.

4.5.2 FloWave Limits and Constraints

FloWave achieves uniform wave and current direction in its circular basin through precise
control of individual impellers and wave-makers (Robinson et al., 2015b). Its unique design
features enable the generation of complex wave-current scenarios with minimal spatial vari-
ability in flow (S. T. Draycott, 2017a). Although a perfectly uniform current in all directions is
challenging to maintain in a circular tank, the tank manages to create a central test region
where both wave and current directions remain relatively straight and uniform. Furthermore,
FloWave practices demonstrated that a variation of ==10%in flow velocity and £100 in direc-
tion is acceptable (Noble, 2018). This allows for accurate creations of real-world wave-current
interactions, thus ensuring consistent test conditions for reliable test results despite the basin’s
circular geometry.

4.5.3 W2Power Floating Offshore Wind Solution

Experimental investigations utilised the innovative W2Power floating wind system, which is
being developed by EnerOcean S.L., Spain (EnerOcean S.L., 2007). This model is specifically
chosen as a case study due to its twin-turbine design and unique mooring system, making
it an ideal candidate for investigating the dynamic responses of multi-unit FOWTs and their
mooring systems in combined wave and current conditions. Thus, addressing the core re-
search questions and the thesis’s objectives, Section 1.7.

W2Power is a triangular semisubmersible platform with two out-leaning towers mounted on
the backside columns to support a pair of original equipment manufacturer (OME) WTGs;
refer to Appendix A. It is designed with an operational water daft of 15 m and will be anchored
to the seafloor by a SPM system comprising three lines to be attached underneath the front
column (W2Power, 2010; EnerOcean S.L., 2007).
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Figure 4.2: A schematic representation of FloWave, detailing both plan and oblique sections.
Blue arrows denote indicative flow recirculation and key components: @ circumferentially

arranged wavemakers (168 paddles), turning vanes and flow conditioning filters, @

current drivers( 28 impellers,) @ the buoyant movable floor, and @ idealised streamlines
portraying the flow pattern across the tank floor. Adopted from Noble (2018).
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4.5.3.1 Physical Model Characteristics

Based on the platform prototype’s size and the characteristics of the FloWave facility (i.e.
tank’s wave envelope), a 1:40 scale model of the W2Power design was employed to invest-
igate the dynamic of FOWTs under a variety of loading conditions: currents, waves, and
combined wave-current. The physical model utilised in this study was manufactured seven
years ago by EnerOcean in Malaga, Spain, and does not represent the current design of the
platform (see Figure 4.3).

Figure 4.3: Photograph of the 1:40 scale model of the W2Power platform positioned on the
FloWave floor, displayed the WTGs, towers and components of the hull.

This model was made of PVC pipes whose dimensions and wall thicknesses were determined
by the corresponding scale weights of each component (EnerOcean S.L., 2007; W2Power,
2010; Enerocean-S.L. and Pelagic-Power, 2015; Mayorga, 2016). Scaling similarity was done
based on the conversion factors in Table 4.1, and the main particulars of the physical model
and prototype of the platform are given in Table 4.2.
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Table 4.2: Particulars of the prototype and model scale of the W2Power platform.

Description Unit Prototype Scale model (1:40)
Draft [m] 15 0.375
Water depth [m] 80 2
Qutward leaning angle [°] 15 15
Corner columns diameter [m] 9 0.225
Corner columns height [m] 25 0.59
Column D diameter [m] 5 0.125
Column D height [m] 25 0.59
Towers bases separation [m] 90 2.250
Heave plates height [m] 1.5 0.038
Heave plates diameter [m] 27 0.675
Pontoons diameters [m] 3 0.075
Braces diameter [m] 1.32 0.033

4.5.3.2 Mooring System Characteristics

Employing the same scale model, Elobeid et al. (2022) proposed two scaled mooring systems

for deep and moderated water depths of 5 and 2 m, corresponding to full-scale water depths

of 200 and 80 m. Given the size of the tank, the latter system of 80 m was first scaled down

and optimised, and then utilised in the current test campaigns.

The configuration of this mooring system is a typical catenary concept, comprising three lines

symmetrically placed along the platform’s z-axis and spread by 120° (see Figure 4.4). These

mooring cables are made of stud-less chains; their properties are detailed in Table 4.3.

Table 4.3: Mooring system characteristics for the physical model.

Description Unit Scale Model (1:40)
Water depth [m] 2

Line grade and type [-] R4 — Stud-less Chains
Weight per meter [kg/m] 0.76
Nominal chain diameter [mm] 6
Minimum breaking load (MBL) [kN] 44.8

Axial stiffness [kN] 3.21 x 103
Fairlead pretension [N] 18

Total line length [m] 6.505
Fairlead depth [m] 0.375
Anchor radius (R) [m] 5.7

Anchor depth [m] 2
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Anchor A

(a)

Figure 4.4: lllustrations of side (a) and top (b) views showing the arrangement of catenary
mooring lines and anchors (not to scale) of the W2Power physical model.

4.5.4 Instrumentation and Data Acquisition

The present research utilises a range of instrumentation and data acquisition systems to
measure the free surface elevations, mooring loads at fairleads of the three lines and platform
motion displacements in six DoFs. These measurements collectively contribute to addressing
the research questions (i.e. Section 1.7), by providing insights into the dynamic responses of
the mooring systems and platforms for the FOWTSs in combined wave-current environments.

4.5.4.1 Instrumentation

Three different measurement instruments were employed to capture essential data: (i) a
motion capturing system to record the motion and rotation of the floating system, (ii) load cells
to measure the loads at the three mooing lines fairleads, and (iii) wave gauges for recording
free surface elevations at various locations.

Motion Capturing System (MoCap)
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The MoCap utilised a combination of cameras provided by Qualisys: five positioned above
water and four sub-water. Above-water cameras were affixed to four tripods near the tank
protection cantilevered edge, while underwater cameras were mounted near the edge of
the rising floor in the tank. As depicted in Figure 4.5, reflective balls were then affixed at
predetermined locations, including a set of five reflective balls on a tree installed on the top of
the bow (front) column of the platform and two reflective balls on top of the upper stern (aft)
pontoon.

Figure 4.5: Photographs of FloWave with the floor up and the W2Power model in the test
area, showing: (a) the Qualisys motion capturing system featuring the tree of reflective balls,
a video and underwater cameras (circled in yellow), and an above-water camera (circled in
dashed red); (b) the control desk with the MoCap Qualisys system being calibrated.

Additional reflective markers were attached to the towers and rotor blades. This setup of
multiple reflective balls and markers defined the rigid body (platform). Thus, it provides meas-
urements in all six degrees of freedom with an accuracy smaller than 1 mm in all coordinate
directions. The centre of the body was chosen to be the combined centre of mass of the entire
W2Power floating system. Translation and rotation motions were then captured in relation to
this local body coordinate system.
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Furthermore, extra reflective balls were placed at intervals of 0.5 m along the suspended
length of each mooring line, positioned in close proximity to the line’s fairlead. This deliberate
implementation aimed to acquire reliable data to train the Qualisys MoCap system, specifically
to capture the spatial mooring dynamics of floating structures. Note that this aligns with
FloWave’s ongoing improvement strategies, and it extends beyond the scope of this thesis.

Prior to testing, the MoCap system was calibrated using a wand with reflective markers, which
were moved through the measurement volume to define spatial accuracy and alignment.
This calibration was repeated until the system’s deviation was minimised, ensuring positional
accuracy within 1 mm in all coordinate directions.

Load Celis (LCs)

The model installation was executed in a dry environment on the buoyant floor of the tank.
In this dry condition, the entire weight of the physical model was supported by a pair of foam
blocks beneath each heave plate. Subsequently, three mooring lines were attached to a chain-
eye-swivel at the bottom of the front column.

Each mooring line was equipped with an in-line load cell and a turnbuckle. All LCs and
turnbuckles are constructed identically. The LCs were positioned at a distance of 0.5 m
from the fairlead on each mooring line, see Figure 4.6.a. All three LCs shared the same
specifications, each with a rated capacity (RC) of 500 N. The accuracy of the LCs was within
+0.15% of RC, with a typical value of 0.05% (Applied Measurements Ltd, 2020).

Figure 4.6: Photographs depicting: (a) load cells connected to each mooring line, and (b) the
lumped masses of chains on the tank’s protection cantilevered edge employed as anchors.
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As shown in Figure 4.6.b, anchors in the form of lumped chains were employed at the terminal
of each mooring line, and lightweight Dyneema ropes were then used to link these lumped
chains to the tank protection cantilevered edge. This selection was made considering safety
measures while station-keeping such a relatively bigger model via positioning the anchors at
the edge of the movable floor.

Following this configuration, the ropes were precisely tensioned and released to establish
a predetermined pretension in each mooring line. The individual pretension could only be
corrected with the tensioned lightweight Dyneema ropes. The primary aim during installation
was to ensure a uniform value for all three LCs within the targeted range of 18 N while also
accepting a reasonable minimum value.

Wave Gauges (WGs)

Free wave surface elevations were measured using multiplexed two-wire resistance-type wave
gauges. These WGs, positioned on the tank’s instrumentation gantry, offer a straightforward,
reliable, and cost-effective solution for wave measurement, and they can provide a suitable
resolution of £0.1 mm (Massel, 1996; S. Draycott, Noble, et al., 2018). Consequently, resistance-
type gauges are exclusively employed at FloWave, featuring diverse designs tailored for spe-
cific offshore applications.

The initial determination of spacing between the WGs was guided by the expertise of the
FloWave staff. However, constraints arose due to the anticipated maximum movement of the
FOWT in the dominant flow and wave directions. Despite the stiffness properties of the typical
single-point mooring system, the movement, albeit not small, imposed limitations on placing
the WGs in close proximity to the model.

Figure 4.7: Setup of the wave gauges on FloWave’s gantry in relation to the W2Power floating
system: (left) WG1-WG6 on the test area side, (right) WG7 on the opposite side of the test
area.
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The first five wave gauges, WG1-WGS5, comprised a reflection array structured on the Golomb
ruler concept (Bloom & Golomb, 1977). This array was mounted perpendicular to the movable
gantry. WG6 was positioned on the same side where the model was tested but with an offset
in the y-direction. As a complement, WG7 was installed on the opposite side of the gantry, as
depicted in Figure 4.7.

The WGs then encircled the model, which was in its centre. This configuration of WGs allowed
for comprehensive documentation of the main flow and incoming waves, incorporating reflec-
tions at the floating model. Different scenarios of wave-structure interaction can be examined,
considering wave propagation from 0, 90, and 180 degrees.

At the beginning of each testing day, a rigorous calibration routine consisting of five points
covering a range of £100 mm was carried out. This calibration process aimed to ensure the
WGs consistently deliver precision in the order of 1 mm. The measurement frequency was set
to 128 Hz, identical to the MoCap Qualisys system (Gabl et al., 2019).

4.5.4.2 Data Acquisition (DAQ)

FloWave employs multiple DAQ systems for logging measurements in the tank, including, but
not limited to:

(i) The tank control software is utilised for logging wave gauge data.
(i) A National Instruments DAQ system is employed for logging current or voltage output
from load cells.
(iii) Qualisys motion capture cameras for recording data independently through a propriet-
ary software interface.

Given the diversity of the DAQ systems, synchronisation of these instruments is imperative.
Consequently, all instruments yield measurements at a frequency of 128 Hz (20.24 Hz full-
scale) and are synchronised via a transistor-transistor logic (TTL) pulse output by the tank
control system. This synchronisation mechanism ensures alignment in MoCap and LC data
acquisition. This comprehensive approach ensures the acquisition of high-quality data syn-
chronised with wave generation processes (Noble, 2018).

To accurately measure the tension forces at the fiarleads, the load cells were calibrated before
installing them on the mooring lines. This pre-campaign calibration involved applying known
loads to verify the accuracy of each load cell across its full range. This ensures that the
measured forces align with the rated capacity of the load cells throughout testing.
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4.6 Methods

4.6.1 Experimental Procedure

The assembly and setup of the floater-mooring-towers-turbines and all the subsystems were
first done as annexed in Appendix A.2, and this ensured the model’'s readiness for testing
and met the specified conditions and configurations (see Figure 4.8). Then, all instruments
underwent calibration, as detailed earlier in Section 4.5.4. Afterwards, experiments were con-
ducted utilising the W2Power scale model, whose physical and hydrodynamic parameters are
outlined in Table 4.2. The model was consistently aimed at being positioned in the centre at
a depth of 2 m for all experiments. The testing scenarios involved subjecting the model to
varying degrees and formations of current, wave, and wave-current disturbances generated
by the current-drive impellers and surrounding wavemakers.

To streamline the testing procedure, the current direction remains fixed at 0°. However, three
distinct wave directions have been defined: 0°,90°, and 180°. This allows waves to hit the plat-
form from different directions, thus producing cross and opposing scenarios of wave-current
conditions. The disturbances induced by waves are generated by specifying the parameters of
the wave profiles. For irregular waves, frequency spectra are transformed into a wave height
time history, which is then transferred to the wavemakers. This process results in controlled
movements to produce the desired waveform during the experiments.

Figure 4.8: Visualisation of the W2Power 1:40 scale model assembled in the centre of
FloWave and its readiness for testing. Blue lights indicate the activation of the underwater
MoCap Qualisys cameras.
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In the simulations, it was assumed that the model remained perfectly stationary, and the
oncoming wave was treated as a perfect head sea. However, in the FloWave tank, practical
considerations differed. The model was positioned in the centre of the test area, and experi-
ments were conducted consecutively. This sequential testing approach occasionally resulted
in offsets of the model from its original position.

These offsets can be attributed to the mooring configuration, specifically the use of lumped
chains as anchors, positioned at the edge of the tank, and connected via lightweight Dyneema
ropes for safety (see Figure 4.6.b). While the mass of the chains provided sufficient station-
keeping, the flexible nature of the Dyneema ropes, coupled with the dynamic forces from
consecutive tests, may have allowed slight deviations from the original position. These small
offsets reflect the interaction between the floating model and the practical constraints of the
mooring system used in the tank environment.

To address these offsets and misalignments observed in some test cases, manual reorienta-
tion of the model was carried out using a very long stick. This manual adjustment ensured
that the model was relatively aligned and positioned, with the objective of mitigating any
potential discrepancies in the motion measurements compared to the original setup during
the experiments.

During tests, rigorous monitoring was done to capture crucial parameters. The forces acting
on the platform were tracked, as well as the very small motions in all 6 DoFs using the
Qualisys MoCap system. Likewise, wave elevations were conscientiously recorded via the
WGs and mooring loads at fairleads were documented through the LCs. The capturing time
for all measurements was 160 s and 600 s for regular and irregular sea states, respectively.

4.6.2 Metocean Conditions

To answer the research questions in Section 1.7, the proposed mooring system for shallow
waters of 80 m is analysed experimentally using the following environmental conditions.

Metocean Conditions

The environmental data considered in these campaigns are for a reference site off Gran
Canaria Island named Canary-I, Figure 4.9, whose specifications are provided in Table 4.4.
The sites’ long-term wind and wave hindcast data of 10 years were obtained from the National
and Kapodistrian University of Athens (NKUA) (NKUA-AM&WEFG, 2021). The roses for the
Canary-l site are displayed in Figure 4.10. It can be seen that big waves predominantly travel
towards the North-NorthEast, while currents originate from the South-SouthWest. Notably,
currents generally follow or closely align with waves.
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Figure 4.9: Map showing the Canary-I reference site for which the environmental data is
considered in test campaigns (Global Wind Atlas, 2021).

Table 4.4: Specifications of the Canary-I reference site (Global Wind Atlas, 2021).

Particular Unit Value
Latitude, Longitude [°] 27.771,-15.373
Water depth [m] 80

Wind speed at height of 100 m [m/s] 11.36
Distance to shore (i.e. Arinaga coast)  [km] 10
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Figure 4.10: Directional distributions for the Canary-I reference site’s environmental condi-
tions: (a) significant wave height (Hys) rose and (b) current rose. The roses show big waves
travelling towards the North-NorthEast, and currents originate from the South-SouthWest.
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Environmental Modelling

In order to assess the survivability and structural reliability of the floating system, environ-
mental contours are established based on joint probabilities of metocean parameters, spe-
cifically significant wave height (H,) and peak wave period (7,,). The process of constructing
the contour surfaces involves two consecutive steps:

(i) Estimating the long-term joint distribution of the environment through statistical model-
ling.
(i) Constructing a contour based on that joint distribution.

Figure 4.11: Flowchart showcasing the key steps in constructing the environmental contours.
Execution and modelling processes were done utilising a Python modelling tool called ViroCon
(Haselsteiner et al., 2019).
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The procedure, outlined in Figure 4.11, employs the inverse first-order reliability method (IFORM)
and inverse second-order reliability method (ISORM) to create contours (Winterstein et al.,
1993; Chai & Leira, 2018). These methods estimate the probabilities of exceedance and
then seek the corresponding response levels (Haselsteiner et al., 2019). The probability of
exceedance () is computed using the following formula:

T

- 4,
%= (36525 % 24) x T, (46)

where T; is the state duration, and T, is the return period. As per the recommended practice
(DNV-RP-C205, 2017), the values assigned to these parameters are 3 hours for T; and 50
years for T,.. Accordingly, two environmental contours are established.

As depicted in Figure 4.12, it is evident that ISORM and IFORM contours exhibit similar
shapes. However, distinct differences between the IFORM and ISORM contours are observ-
able despite having the same return period. The data perfectly fit within the IFORM contours,
underpinned by consistent environmental parameters and appropriate assumptions, implies
that the IFORM contour is a conservative candidate for design considerations.

8

Figure 4.12: Environmental contour lines with a return period of 50 years for (Hs) and (Hs) for
wave conditions at the Canary-| site.



4.6. Methods 68

4.6.3 Definition of Test Conditions
4.6.3.1 Test Conditions

From the environmental contours constructed in Section 4.6.2, various energetic sea states
are defined for both irregular and regular seas. These sea states are specifically selected to
reflect the storm "survival" conditions at the Canary-I reference site; during such events, the
rotors will be parked. Therefore, this aimed to assess how the W2Power platform and mooring
lines behave and weathervanes under such extreme waves and current conditions.

Regular Waves

Extreme environmental conditions are selected from the IFORM contour (Figure 4.12). This
involves choosing two different wave amplitudes, each with five different frequencies. Con-
sequently, the selected regular waves are then characterised by the wave height (H) and
wave period (T), as outlined in Table 4.5.

Table 4.5: Test parameters used for regular wave observations.

Sea state Prototype Scale Model Direction (°)
H (m) T(s) H(mm)  T(s) 0 90 180

1 4.63 20 116 3.16 v Z %
2 4.63 16 116 253 v v v
3 4.63 12 116 1.90 v _ v
4 4.63 8 116 1.26 v - v
5 4.63 4 116 0.63 v v v
6 3.85 20 9 3.16 v _ v
7 3.85 16 96 253 v v v
8 3.85 12 9 1.90 v - v
9 3.85 8 96 1.26 v _ v
10 3.85 4 9 0.63 v v v

Irregular Waves

Irregular waves are characterised by the significant wave height (Hs) and peak wave period
(Tp) and are modelled using the JONSWAP spectrum (Hasselmann et al., 1973). The JON-
SWAP spectrum, S(f), is a one-dimensional frequency spectrum and is defined as:

S(f) = (fgfi) fSexp [—i (};) 4] y (4.7)
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with
oF > —0.22
o =0.076 = (4.8)
(7
_ L(f Y
o 0.07 for f < fir (4.10)

0.09 for f> £,

where o denotes the equilibrium range parameter, g is the acceleration due to gravity, f,, is
the peak frequency of the spectral peak period (f,, = 1/T p). Besides, y” is the so-called peak
enhancement factor, F is the fetch of wave growth, Uy is the wind speed at a height of 10 m
above the sea surface, o is the peak width parameter.

Subsequently, five energetic sea states, denoted from A to E, are generated using the JON-
SWAP spectrum with a Gamma (7) value of 3.3. These load cases are detailed in Table 4.6.

Table 4.6: Test parameters for irregular wave observations generated by the JONSWAP
spectrum (y = 3.3).

Sea state Prototype Scale Model Direction (°)

Hg (m) Tp (s) Hg (mm) Tp (s) 0 90 180
A 4.63 16.40 116 2.59 v v v/
B 4.42 11.50 111 1.82 v - v
C 4.21 9.00 105 1.42 v - v
D 3.85 6.20 96 0.98 v v v
E 0.60 43.5 15 6.88 v v v

Current Characteristics

The velocity shape of the current profile in the FloWave tank is almost independent of the
mean current velocity. It is worth mentioning that when running wave-current conditions, it
was found that generating faster currents increased the force on the wavemaker paddles. In
order to mitigate this effect, the current velocity is often limited to 0.9 m/s (Noble, 2018). In the
present campaigns, the maximum current speed at the Canary-I| site is 0.8 m/s, consistently
generated at 0° degrees in all trials. Consequently, this ensures there is no potential upsurge
in the wavemaker force. The specifications of the current conditions are detailed in Table 4.7.

Table 4.7: Characteristics of current test conditions.

Particular Unit Prototype Scale Model Direction (°)
Current speed (U,) [m/s] 0.8 0.13 0
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4.6.3.2 FloWave Coordinates

A top-view sketch of the FloWave facility is presented in Figure 4.13, showcasing the tank’s
Cartesian coordinate system. Also, Figure 4.13 shows the gantry and crane, which both
traverse the tank hall to facilitate the transportation of physical models and the installation
of measurement equipment (S. T. Draycott, 2017a).
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Figure 4.13: Detailed top-view sketch of the FloWave facility, showing the tank’s reference
coordinates and some components: the control desk, upper viewing glass and offices, and
the gantry where wave gauges were installed (S. T. Draycott, 2017a; Noble, 2018).

The tank’s origin is located at the centre of the test floor, with the +X axis originating from the
tank centre in a direction opposite to that of offices and the control desk towards the rear of
the building. Rotations in the system then follow a positive anti-clockwise direction. The +Z
axis points upwards; these coordinates can be expressed as (X,Y) or (X,Y,Z) (S. T. Draycott,
2017a; Noble, 2018).
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4.6.3.3 Modelling Setting

Motion responses are assessed using a 6-DoF system in reference to the tank coordinate
system, as illustrated in Figure 4.14.

Tank coordinate

Figure 4.14: Coordinates for the W2Power model positioned at the tank’s centre, describing
the 6 DoFs of the W2Power platform in relation to the tank’s coordinate system.

Subsequently, employing these coordinate definitions shown in Figure 4.14, the test paramet-
ers provided in Tables 4.5 to 4.7 are implemented to introduce environmental loads essential
for meeting the test objectives. The floating system was subjected to pure current, waves only,
and combined waves and currents. Configurations of these loading scenarios are depicted in
Figure 4.15.
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Figure 4.15: Configurations of directional environmental loadings during the test matrices: (a)
currents only, (b) waves only, and (c) combined wave-current loads. Also, showing FloWave’s
coordinate system as the floating model is positioned at the tank’s centre.

4.7 Chapter Summary

This chapter detailed comprehensive experimental investigations to explore the dynamic re-

sponses of FOWTs under combined wave-current conditions. A theoretical framework was

established to guide the experimental procedure.

The test facility used for the experiments was described, including details of different instru-

mentation and data acquisition systems. This was followed by a description of the physical

model employed and its mooring system.

Environmental modelling of metocean conditions and the generation of various load cases

for regular and irregular sea states were presented. Then, an in-depth explanation of the

experimental procedure was provided. These analyses laid the foundation for the subsequent

chapter (Chapter 5), where the results of the experimental modelling are broadly analysed

and discussed.



Chapter 5

Experimental Modelling of FOWTSs:
Results and Discussion

5.1 Introduction

The previous chapter, Chapter 4, established the context and provided detailed analyses ne-
cessary for conducting a comprehensive experimental programme to investigate the multi-unit
FOWTs and mooring systems under combined wave-current conditions. In order to address
the research aims and objectives outlined in Section 1.7, these experiments are designed to
observe and quantify the impact of tides and their simultaneous influence with waves on the
dynamic responses of mooring systems and MUFOWP motions.

Building on the experimental framework and procedures presented in Chapter 4, this chapter,
Chapter 5, delves into the findings regarding the implications of current, wave, and combined
wave-current loading on the dynamic responses of mooring tensions and W2Power platform
motions. Subsequently, the chapter first reports on the dynamic responses of mooring lines,
which utilised a conventional catenary system made of studless chains. Following this, the
chapter presents the motion dynamics of the floating system, highlighting how the platform
behaves under different environmental loads. The comprehensive data acquired from these
tests provides crucial insights into the behaviour and performance of MUFOWPSs and mooring
systems under realistic ocean conditions.

5.2 Dynamic Responses of Mooring Lines

FOWTs are typically proposed for deep water depths (e.g. > 60 m), where the mooring lines
play a crucial role in maintaining the overall stability of the floating system and in keeping it
at a stationary location. Thus, the loads on these mooring lines are particularly important to
quantify. In addition, the comparison of the fairlead forces of the mooring system is of interest.

This section discusses the results of the dynamic responses of the mooring loads at the three
fairleads, as measured by the 500 N load cells. Herein, the analysis focuses on exploring the
effect of current, waves, and combined wave-current conditions on the three mooring cables.

73
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5.2.1 Effect of Current and Waves

The time histories of fairlead forces for three mooring lines under pure current and regular
waves are depicted in Figure 5.1. Notably, the downwind-side line (line A) consistently exper-
iences lower tension compared to the upwind-side mooring lines (lines B and C) across all
wave directions, which is attributed to its alignment with the positive x-axis (current direction).
Additionally, lines B and C exhibit symmetrical fairlead forces due to the layout of the mooring
system.

| — Current(0°) — Wave(0°) Wave(90°) ==Wave(1 800) |

Mooring line A

Fairlead tension (N)

Figure 5.1: Time series of fairlead mooring loads, highlighting the influence of current of a
speed of 0.13 m/s and comparing the effects of different wave propagation scenarios for the
regular sea state 7 (LC7) of a wave height (H) = 96 mm and wave period (T') = 2.53 s.

It is worth to note that, to note that, as illustrated in Figure 4.4, line A aligns with the positive
x-direction and current direction, whereas lines B and C are inclined towards the negative and
positive y-direction with an angle, respectively. Under conditions with a current of a speed
of 0.13 m/s and a regular wave (LC7) of a height (H) = 96 mm and period (T') = 2.53 s,
results reveal that the pure current effect on line A is significantly less than that of pure
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waves, regardless of wave direction. Waves propagating from 0° exert the highest impact
on line tension, followed by waves from 180°, while crossing waves (from 90°) have the least
effect. Conversely, the opposite behaviour has been observed on lines B and C for waves
propagating from 0° and 180°.

In addition to the time history analysis, detailed statistical assessments have been carried
out for mooring loads at the fairleads of lines A, B, and C under various environmental
loading conditions of pure current and waves. Tables 5.1 to 5.3 compare the statistics of the
mooring loads for lines A, B, and C, respectively. They summarise the minimum (min), mean,
maximum (max), and standard deviation (StDev) of the mooring forces, highlighting distinct
load responses influenced by the direction of currents and waves and offering further insights
into the load behaviour.

For example, under pure current conditions, mooring line A (i.e. aligns with the current from
0°) consistently experiences the lowest tension, with a maximum of almost 15 N (Table 5.1).
In contrast, lines B and C, oriented at angles to the current, exhibit significantly higher loads,
with maximum tensions of 20.25 kN and 23.62 kN, respectively (Tables 5.2 and 5.3). This
indicates that line A is the least affected by the current alone, while lines B and C are more
susceptible due to their orientation relative to the flow.

When following waves (from 0°) hit the platform, all mooring lines show an increase in tension.
Line A, which demonstrated lower tensions under pure current, experiences a sharp rise, with
maximum tension reaching 20.22 N, demonstrating its sensitivity to waves propagating in the
same direction as the current. Lines B and C also experience increased loads, though the rise
is less pronounced, indicating the influence of wave-line alignment on their behaviour.

Under crossing waves (from 90°), significant fluctuations in mooring line loads are observed.
Line B sees a maximum tension of 21.97 N, while line C experiences the highest load variabil-
ity, with a standard deviation of 1.98 N, indicating substantial fluctuations in its load response.
This highlights the particular sensitivity of these lines (B and C) to waves coming from per-
pendicular directions, which induces noticeable variations in the forces they experience. Under
opposing waves (from 180°), the mean and max loads on line A decrease slightly compared
to the following waves. Lines B and C also experience slightly lower maximum tensions under
opposing waves compared to crossing waves, though the loads remain significant.

Furthermore, the StDev values highlight how current and wave directions can significantly
affect the stability and variability of mooring loads (Table 5.1). Following waves generally
induced the highest fluctuations in line A, while crossing waves led to large variability in
lines B and C (see Tables 5.2 and 5.3). Such load variabilities are crucial to consider in
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the design and optimisation of mooring systems, underscoring the need for bespoke design
considerations based on mooring line orientation and environmental conditions. This, in turn,
ensures that mooring systems can effectively manage both steady and fluctuating loads,
maintaining structural integrity and overall performance.

Table 5.1: Statistical comparison of mooring loads of line A under pure currents of a speed of
0.13 m/s, and regular waves (LC7) with a height of 96 mm and a period of 3.5 s.

Environmental loading Fairlead load, (N)
(Propagation direction, °) Min Mean Max StdDev
Current (0°) 13.106 13.799 14.910 0.265
Following waves (0°) 13.729 16.952 20.215 2.061
Crossing waves (90°) 15.922 16.781 18.399 0.322
Opposing waves (180°) 13.661 16.602 19.597 1.796

Table 5.2: Statistical comparison of mooring loads of line B under pure currents of a speed of
0.13 m/s, and regular waves (LC7) with a height of 96 mm and a period of 3.5 s.

Environmental loading Fairlead load, (N)
(Propagation direction, °) Min Mean Max StdDev
Current (0°) 19.617 20.248 20.962 0.250
Following waves (0°) 17.699 20.800 22.172 0.782
Crossing waves (90°) 16.450 19.149 21.965 1.691
Opposing waves (180°) 17.387 19.315 20.753 0.835

Table 5.3: Statistical comparison of mooring loads of line C under pure currents of a speed of
0.13 m/s, and regular waves (LC7) with a height of 96 mm and a period of 3.5 s.

Environmental loading Fairlead load, (N)
(Propagation direction, °) Min Mean Max StdDev
Current (0°) 20.789 21.581 23.615 0.217
Following waves (0°) 17.369 19.167 20.578 0.787
Crossing waves (90°) 15.772 18.825 22.053 1.981

Opposing waves (180°) 16.673 18.814 20.155 0.754
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5.2.2 Impact of Wave Directionality

The influence of wave directionality on mooring line loads is crucial in the design and operation
of floating offshore structures. The significance of mooring line model fidelity in simulations
of FOWTs has been emphasised, highlighting the need for accurate predictions of mooring
dynamic behaviours under various directional loading (Hall et al., 2014).

To elucidate this influence, Figures 5.2 to 5.4 depict fairlead forces for regular waves, while
Figures 5.5 to 5.7 showcase the same for irregular waves with varying heights and periods im-
pacting the floating system from different angles. The Violin plots illustrate the load distribution
at each fairlead across the three wave directions (0°, 90°, and 180°).

Waves propagate at 0° Waves propagate at 90° Waves propagate at 180°
24 24 24
—~ 22 22 22
<
S 20 20 20
7}
c
2 18 18 18
kel
3 é
= 16 16 16
©
L
14 14 14
12 12 12
LineA LineB LineC LineA LineB LineC LineA LineB LineC

Mooring line

Figure 5.2: Comparison of the impact of wave directionality on fairlead mooring loads
for a regular wave load case (LC5); highlighting variations in mooring loads under waves
propagating from: 0° (left), 90° (middle), and 180° (right).

Note that the unique shapes of the violin plots are driven by the variability in mooring/motion
responses experienced under different conditions. The peaks and widths of the violins indicate
the distribution and frequency of the responses experienced. Wider sections indicate a more
frequent occurrence of certain response values, while narrower sections signify less common
response ranges (Hintze & Nelson, 1998).

The results depicted in Figures 5.2 to 5.7 underscore the influence of wave directionality on
mooring line loads, with waves from 0° inducing the lowest tension on Line A across all sea
states, followed by waves from 90°, and then 180°. Furthermore, Line A displays a broad
range of tension values, indicating varying forces under different wave directions. This line
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consistently experienced the lowest tension from wave-induced loading, which is likely due
to the platform’s orientation and mooring configuration. Interestingly, twin peaks are seen
in some violins of mooring loads, which can be attributed to extreme or snap loads on the
mooring lines (Davidson & Ringwood, 2017).
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Figure 5.3: Comparison of the impact of wave directionality on fairlead mooring loads
for a regular wave load case (LC7); highlighting variations in mooring loads under waves
propagating from: 0° (left), 90° (middle), and 180° (right).
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Figure 5.4: Comparison of the impact of wave directionality on fairlead mooring loads for
a regular wave load case (LC10); highlighting variations in mooring loads under waves
propagating from: 0° (left), 90° (middle), and 180° (right).
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For the regular sea states characterised by higher wave steepness, such as states LC5 and
LC10 with shorter wave periods (T = 0.63 s), the Violin plots revealed a skewed distribution,
notably under 0° and 180° wave directions. These asymmetries in distribution suggest a
higher occurrence of lower tension values experienced by the mooring lines under these
specific wave directions. This observation is further shown in Figures 5.9 and 5.10, which
compare the interaction of following and opposing waves with the current, respectively.

Potential sources of inconsistency in mooring line load measurements stem from experimental
setup and environmental conditions. A key discrepancy is the expectation of lower loads
under crossing wave conditions, contradicted by higher observed loads in irregular load cases
(A, D, and E), as well as lower loads in line A with waves propagating from 180. These
inconsistencies and asymmetries are attributed to wave reflections in the tank, influenced
by frequency, flow velocity, and angle, causing skewed tension distributions. A detailed ex-
planation is provided in Appendix A.3.

From Figures 5.5 to 5.7, differences have been observed in the mooring loads under irregular
waves compared to regular waves with comparable heights (i.e., 3.85 and 4.63 m) and periods
(i.e., approximately 6 and 16 s). Irregular sea states resulted in higher mooring loads (Shen
et al., 2018), highlighting the dynamic nature of irregular waves and their impact on mooring
system nonlinearity and load distributions (Jin et al., 2022).
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Figure 5.5: Comparison of the impact of wave directionality on fairlead mooring loads for
an irregular wave load case (LC: A); highlighting variations in mooring loads under waves
propagating from: 0° (left), 90° (middle), and 180° (right).
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Figure 5.6: Comparison of the impact of wave directionality on fairlead mooring loads for
an irregular wave load case (LC: D); highlighting variations in mooring loads under waves
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Figure 5.7: Comparison of the impact of wave directionality on fairlead mooring loads for
an irregular wave load case (LC: E); highlighting variations in mooring loads under waves
propagating from: 0° (left), 90° (middle), and 180° (right).

Pure waves originating from 0° induced the highest peak tension across all lines, followed
by waves from 90°, and then waves propagated from 180°, supporting the impact of wave
approach direction on mooring line loads. Furthermore, the influence of wave directionality on
mooring line loads was evident, consistent with previous research by Z. Liu et al. (2019) and
Xiang & Guedes Soares (2020).
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Collectively, these observations of higher loads due to irregular sea states indicate the inad-
equacy of monochromatic waves in capturing the full spectrum of wave-induced loads. Note
that maximum wave height (H,,,x) can reach up to twice the significant wave height; therefore,
regular wave tests at H,,,, might yield maximum loads similar to those from irregular condi-
tions. This underscores the importance of considering irregular wave conditions in designing
and analysing mooring systems for FOWTs, aligning with findings by Kristiansen & Faltinsen
(2015) regarding the dominance of mean loads over dynamic loads in combined current and
wave conditions.

5.2.3 Impact of Combined Wave-Current

Currents significantly influence platform response, mooring tensions, and the fatigue life of
floating structures (T. Ishihara & Liu, 2020; Otter, Flannery, et al., 2022). When currents inter-
act with waves, they can modify wave properties such as height, period, and direction, leading
to changes in wave propagation paths and crest shapes (Jonsson et al., 1970; J. Smith, 1997;
Moreira & Peregrine, 2010).

The influence of combined wave-current loading on FOWTs’ mooring lines is a crucial aspect
impacting their overall performance and safety (Otter, Desmond, et al., 2022). However, phys-
ical experiments on FOWTs frequently overlook current loading and its combined effect with
waves, highlighting the necessity for comprehensive investigations to consider such effects,
particularly for designing robust mooring and anchoring systems (A. C. Pillai et al., 2018a; Xu
et al., 2022; Pillai et al., 2022, 2022b).

Accordingly, these experiments are specifically designed to explore the implications of this
loading on the dynamics of FOWTs. Herein, the impact of combined wave-current loading
on mooring lines has been investigated, revealing distinct behaviours in the time history of
fairlead forces for mooring lines under pure waves and combined wave-current conditions
(see Figure 5.8).

The presence of current interacting with the waves has been shown to alter the dynamic load
of mooring lines, with specific impacts varying across different wave-current interaction scen-
arios (Figure 5.8). The resulting alterations in the mooring loads depend on the orientation of
the lines relative to wave and current directions.

For instance, the tension on line A generally decreases with the presence of current, particu-
larly in scenarios that involve combined following waves and currents. This reduction occurs
primarily because the current tends to move the model in the direction of Line A, slackening
this line. Notably, Line A, aligned with both wave and current directions, experiences reduced
load in the presence of current. This is attributed to the reduced wave height caused by the
following current, which dissipates wave energy into turbulence and thus reduces the mooring
line load.
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On the other hand, lines B and C generally experience increased tension in the presence
of current. Remarkably, line B experiences peak load when crossing waves interact with
the current, likely due to the wave direction being 30° relative to line B and 150° to line C.
Hypothetically, a similar behaviour would be expected for line C under 270° wave conditions.

Overall, tensions in surge directions (positive or negative) are generally larger than those
in the sway direction, as shown in Figure 5.8. The reduced impact on the sway direction
could be attributed to the interaction between the seabed and the mooring line, resulting in
relatively minor transverse motion of the fairleads Touzon et al. (2018); Touzon, Nava, Gao, et
al. (2020). Furthermore, similar and comparable tension patterns are observed for crossing
waves interacting with the current, showing consistent performance across all lines.

In summary, the findings reveal the intricate interplay between waves, currents, and mooring
line tension, fulfilling the project objectives and addressing the research questions defined
in (Section 1.7). Specifically, the results demonstrate that wave directionality significantly
influences mooring line loads, with line A experiencing the lowest tensions at 0°, thereby
refining the MUFOWP design for stability. While wind loads were not considered in these
tests, their inclusion could further amplify mooring tensions, particularly when combined with
wave and current forces. Hence, future work should integrate wind thrust to provide more
comprehensive experimental models for stability and safety considerations.

Furthermore, the outcomes highlight that wave-current interaction causes variations in moor-
ing tension, necessitating accurate modelling for tidal data in the design process to mitigate
extreme loads. Furthermore, the findings on wave period and directionality reveal complex
dynamics affecting mooring tensions, informing better predictive models and design strategies
for safe operation (Faltinsen, 1993).

5.2.4 Impact of Wave Height and Wave Period

Understanding how wave height influences mooring loads is crucial for assessing the beha-
viour of structures under varying wave and current conditions. Herein, investigations delve into
this relationship by analysing the regular waves of different heights and periods, as outlined
in Table 4.5, and their interaction with the current, characterised by the parameters specified
in Table 4.7. Subsequently, Figures 5.9 and 5.10 illustrate these analyses and provide in-
sights into how different wave conditions influence mooring loads, particularly in the current
presence.



5.2. Dynamic Responses of Mooring Lines 84

When considering waves propagating from 0° (Figure 5.9), it becomes evident that the impact
of wave height and period on mooring loads is nuanced. Observations reveal intriguing trends,
where the load characteristics in line A exhibit an opposite behaviour compared to Lines B and
C. Specifically, for the first set of load cases (LC1-LC5) with a wave height (H) of 116 mm, a
reduction in load is observed as the wave period decreases. This reduction in mooring load is
further amplified when waves interact with the flowing current. Conversely, similar trends are
observed in Lines B and C, albeit with variations.

For instance, considering regular waves with a wave period of 3.16 s and different heights of
116 mm (LC1) and 96 mm (LC6), the impact on mean tensions due to wave height reduction
remains relatively constant, with a difference of about 2%, depending on the mooring line’s
orientation to incident waves. However, the reduction in wave height decreased the maximum
tension in line A by up to 10%, while it increased the maximum tension in lines B and C by up
to 16.6%.

Furthermore, the interaction between following waves and a following current significantly
impacted mooring dynamics, as depicted in Figure 5.9. For example, both the mean and
maximum tensions in line A decreased by up to 23.5%, while those in lines B and C increased
by 17.5%. This highlights the critical influence of current directionality on load distribution
across mooring lines, necessitating meticulous consideration of currents in the design and
analysis of mooring systems, particularly when they interact with waves.

Additionally, when comparing the second set (LC6-LC10) with a height of 96 mm with the
first set, the effect of wave height on mooring loads becomes more pronounced. Despite both
sets having the same wave periods, this disparity is attributed to the varying wave energies
associated with different wave heights, where smaller waves exhibit reduced loads due to their
lower energy levels (Kristiansen & Faltinsen, 2015).

Distinct behaviours were observed when waves interacted with a following current. Compar-
ing waves approaching from 180° (Figure 5.10) to those from 0° (Figure 5.9) demonstrates
the unique nature of wave-structure interactions, particularly concerning wave angles. When
waves approach from 180°, hitting the platform from the back side (stern), where there are
two columns, as opposed to waves from 0° hitting the front side (bow) of a single column, it
introduces notable differences in the distribution of loads on mooring lines.

From a physics-based perspective, waves from either 0° or 180° are not significantly different
in terms of the turbulent level of the flow around the platform. This is because waves will
eventually propagate over all three columns, with the primary difference being the phase due
to the direction of the incident waves (Tao & Thiagarajan, 2003). Due to the absence of wind
in the present experiments, the weak sheltering effect is expected to not substantially alter the
flow’s turbulent characteristics. Thus, these differences are likely attributed to variations in how
the wave phase interacts with the platform’s geometry, leading to changes in load distribution
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Figure 5.9: Effects of waves and combined wave-current loads on mooring loads. Showing
load cases of following regular waves (propagating from 0°) and their interaction with a current
from 0°. Panels differentiate tensions at fairleads of mooring lines: (top) line A, (middle) line
B, and (bottom) line C.
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load cases of opposing regular waves (propagating from 180°) and their interaction with a
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line B, and (bottom) line C.
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on the mooring lines. While these differences exist, they remain relatively minor compared to
the more significant variations introduced by WCI. Instead, the observed variations in mooring
line loads are more likely due to changes in flow characteristics resulting from the wave-current
interaction (M. Liu et al., 2017).

Furthermore, the VIM effects are unlikely to differ significantly for the two wave directions.
This is because VIM is typically dominated by the aspect ratio of the columns and the velocity
within the flow field, with platforms possessing extended drafts in high-speed flow fields being
more prone to experiencing VIM (Tao & Thiagarajan, 2003). Consequently, the predominant
factor contributing to the observed differences in mooring line loads is the interaction between
the current and wave direction rather than the turbulence or VIM effects caused by the wave’s
approach angle.

Wave-current conditions can exacerbate VIM and lead to enhanced VIM with a large angle
between the current and waves (X. Li et al., 2023). Besides, when the wave incidence angle
is 180°, the upstream vortices keep interacting with the downstream side column (Maximiano
et al., 2017). This affects how the vortices shed and the fluid forces acting on the platform
columns (Y. Liu et al.,, 2023; A. Y. Liu et al.,, 2023). Despite the different wave-structure
interactions, the constant current direction from 0° consistently influences the overall load
distribution. This highlights the complex interplay between wave direction, platform geometry,
and current influence in shaping the induced platform motions and, consequently, mooring
loads.

Furthermore, the Violin plots reveal a skewed distribution of load, particularly evident in load
cases with shorter wave periods and higher wave steepness (S > 0.021), which is defined as
the ratio of wave height (H) to wavelength (L). Such load cases are LC3-5 and LC8-10 de-
picted in Figures 5.9 and 5.10. This observation aligns with previous findings highlighting the
impact of wave characteristics on load distribution (Tarrant & Meskell, 2016). These findings
are instrumental in designing and operating mooring and anchor systems, offering practical
guidance for optimising performance and ensuring the integrity of FOWTs in varying waves
and current conditions (Hall et al., 2014; Pillai et al., 2022, 2022b).

5.2.5 Frequency Domain Analysis

The power spectral density (PSD) analysis provides valuable insights into the behaviour of
mooring lines in the frequency domain, particularly shedding light on the impact of wave-
current interaction on load responses across different sea state conditions. Unlike time domain
analysis, which focuses on load variations over time, frequency domain analysis allows for
the identification of dominant frequencies and energy distribution within the mooring line
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loads. PSD analysis helps in determining resonant frequencies, potential fatigue damage,
and the FOWT’s overall stability under various environmental conditions, offering a deeper
understanding of the dynamic responses that are not as easily discernible in the time domain
(Youngworth et al., 2005).

Figure 5.11 demonstrates tension PSD of mooring lines under irregular waves of load case
D propagate from both 0° and 180° and their interaction with current flows 0°. Waves exhibit
dominant responses on mooring lines, with the magnitudes of load responses decreasing
notably due to interaction with the current. This is due to the influence of both waves and
currents on the tension in the mooring lines, with currents having a more pronounced effect
on mooring line tension compared to waves (Matha et al., 2011; H. Yang et al., 2020).

Mooring line A Mooring line B Mooring line C
6 6 6 Wave(0°)
Wave(0°)-current(0°)
sk 1 st 1 5} Wave(180°)
Wave(180°)-current(0°)

Fairlead tension PSD (N2/Hz)
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Figure 5.11: Effects of waves and combined wave-current loads on mooring load PSDs.
Showing variations in PSDs of tensions at fairleads under irregular waves (LC: D) propagating
from 0° and 180°, and their interaction with a current from 0°: (left) line A, (middle) line B, and
(right) line C.

As evident in Figure 5.11, the interaction of waves with the current affects the magnitude of
load responses because the current can alter the wave characteristics and the relative motion
between the waves and the floating structure. Particularly, when the current interacts with
waves from 180°, a considerable reduction in peak mooring load magnitudes is observed.
These observations align with the behaviours seen in Figure 5.10 for the cases of lines B and
C, where opposing waves interact with the current. In turn, this highlights the notable effect

that the current can have on wave-induced loads, confirming discoveries by S.-H. Yang et al.
(2016).
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Figure 5.12: Effects of wave height and wave period on the mooring line load. Waves
propagating from O degrees and 180 degrees, and their interaction with a current from 0.
Panels show variations in tension PSDs of mooring line A under different regular load cases
(a) LC1, (b) LC8, (c) LC2, and (d) LC7.

Moreover, tension PSDs for line A under regular waves of varying heights and periods are
depicted in Figure 5.12 to quantify the influence of wave height and wave period on mooring
dynamicsT. The effect of wave height on the tension PSD was made by comparing Fig-
ure 5.12.a and Figure 5.12 .b of different heights and same wave periods of 3.16 s, as well as
between Figure 5.12.c and Figure 5.12.d of different heights and a wave period of 2.53 s. From
these comparisons, a reduction of 17.24% (from 116 mm to 96 mm) in wave height was found
to reduce the magnitude of peak tension by approximately 34% across all loading conditions,
including pure following waves, opposing waves, and their interaction with a following current.

. The square shapes of the PSD peaks in Figure 5.12 are due to the smoothing factor or coefficient utilised in
the post-processing to denoise the raw measured data.
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To further explore the effect of wave period on the tension PSD of line A, comparisons were
made between Figure 5.12.a and Figure 5.12.c of the same wave height of 116 mm but
different periods, as well as between Figure 5.12.b and Figure 5.12 .d of a wave height of 96
mm and different periods. A 20% decrease in wave period from 3.16 s to 2.53 s led to varying
effects under different loading conditions.

For instance, a 60% reduction was observed under opposing waves and a 45% reduction un-
der following waves due to the wave period reduction. Interestingly, when currents interacted
with opposing waves, the magnitude of tension PSD decreased by almost 50%. Conversely,
the wave period reduction had a negligible effect when the following waves interacted with
the current, with only a 2% reduction observed. Thus, indicating the complex effects of wave-
current interaction (Shen et al., 2018). These observations align with the findings of Y. Zhao
et al. (2019) and Touzon, Nava, de Miguel, & Petuya (2020), who emphasised the differential
tension on mooring lines due to varying wave heights and wave periods. Therefore, under-
standing these dynamics is essential for optimising mooring system designs and ensuring
safe installation and operation.

Figure 5.13 compares the PSD of mooring loads under two irregular sea states (A and E),
distinguished by wave height and period. Despite the lower wave height in load case E, the
order of magnitude of the overall intensity of load responses is quite higher, and this might be
attributed to the longer wave period. These notable increases in the PSD peaks of load case
E indicate stronger sensitivity to pure waves at these frequencies (X. Zhang, Ni, & Sun, 2022).
Additionally, the results showed that current excites the load at low frequencies, particularly
in load case A. This led to two relative intensity peaks, with the 0.38 Hz peak becoming
dominant, as evident in the left-side subplots of Figure 5.13.

The effect of wave period on mooring loads has been explored through a detailed PSD
analysis, as depicted in Figure 5.14. The comparison of mooring loads for regular waves
of the same height but different periods revealed a clear trend: the peak load on each line
decreases as the wave period decreases. In addition, there are observable shifts in peak
frequency, with the peak frequency increasing as the wave period decreases, particularly
in scenarios involving wave-current interaction. Likewise, this demonstrates the sensitivity of
mooring lines to changes in loading conditions, especially wave period, and its impact on the
response characteristics of the mooring system (Slade & Boss, 2015; P. T. Nguyen et al.,
2019).
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Figure 5.13: Mooring load PSDs under different irregular waves and their interaction with
current. Waves propagate from 0° and 180°, interacting with current from 0°. Panels show
tension PSDs under irregular load cases A (left-side panels) and E (right-side panels) for the
three mooring lines (A, B and C).
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Figure 5.14: Mooring load PSDs under different waves and their interaction with the current.
Waves propagate from ° and 180°, interacting with a current from 0°. Panels show tension
PSDs of the three mooring lines (A, B and C) under regular wave load cases of a height (H)

of 116 mm and different periods: LC1 of T= 3.16 s (left), LC2 of T= 2.53 s (middle), and LC3
of T=1.90 s (right).
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PSD analyses underscore the influence of wave-current interaction on mooring line loads,
with varying effects depending on line layout and environmental conditions (Shen et al.,
2018). Subsequently, this necessitates bespoke design considerations to mitigate potential
load amplifications, particularly at mooring snapping events, which can lead to significant
structural failures. Additionally, mooring load PSDs are critical for understanding cyclic loading
at the mooring point, where the likely modes of failure may occur at the fairleads or within the
mooring system themselves. These, in turn, underline the importance of understanding line-
specific sensitivities to wave-current interaction based on PSD analysis to aid in designing
mooring systems with appropriate properties and layouts. Such bespoke designs are instru-
mental in selecting appropriate materials and ensuring structural integrity for robust mooring
systems under diverse environmental conditions (Tang et al., 2023).

5.3 Dynamic Motion Responses of the FOWT

5.3.1 Impact of Wave Directionality

After exploring the dynamics of the mooring system, the dynamics of motion responses
are essential for comprehending the system’s behaviour in diverse environmental conditions
(Gueydon et al., 2021). Herein, particular attention is given to the surge, heave, and pitch
motions, as these DoFs are deemed most critical for semi-submersible platforms. Analyses
encompass load cases given in Tables 4.5 and 4.6 for both regular and irregular waves,
respectively, as well as their interaction with the current (Table 4.7), with all data presented
based on a scale model.

The time series of displacements of the floating system under waves only are depicted in
Figure 5.15, providing insights into the impact of wave direction on surge, heave, and pitch
motions. Notably, the surge response magnitude is nearly triple that of the heave, under-
lining the susceptibility of semi-submersible platforms to surge motion. Specifically, waves
propagating from 0° resulted in a slightly larger surge response, while waves from 180° had
a more pronounced effect on heave motion. These differences in surge and heave responses
of the platform under waves from different directions are likely driven by the orientation of
the mooring lines relative to the oncoming waves. Similarly, the pitch response mirrored
behaviour consistent with the surge response, indicating a correlation between wave direction
and motion responses (Y. Liu et al., 2019).
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Figure 5.15: Time history of motion responses of surge, heave and pitch DoFs; comparing
different propagation scenarios for a regular wave load case (LC7) of a wave height (H)= 96
mm and wave period (T)= 2.53 s.

5.3.2 Impact of Combined Wave-Current

The impact of combined wave-current interactions on the motion responses of the FOWT
has been a subject of detailed analysis. To investigate this further, Figure 5.16 compares the
effects of different scenarios of wave-current interaction on the platform motion responses in
surge, heave and pitch. Specifically, examining the impacts of a current speed of 0.13 m/s
from 0° interacting with both following (from 0°) and opposing waves (from 180°) that are
characterised by a regular load case (LC3); see Table 4.5.
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Under pure wave conditions, behaviours similar to those observed in Figure 5.15 are noted,
with following waves resulting in a surge response up to almost 14% higher compared to
opposing waves. Conversely, opposing waves lead to smaller heave and pitch responses by
up to 9% and 21.5%, respectively, than those induced by following waves.
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Figure 5.16: Time history of motion responses of surge, heave and pitch DoFs under a
regular wave load case (LC3) and combined wave-current. Waves propagate from 0° and
180°; showing the impact on the motion response when these waves interact with a current
of a speed of 0.13 m/s.
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The results shown in Figure 5.16 further illustrate how the presence of the current influences
surge, heave, and pitch, with the current generally altering motion responses in these DoFs.
Notably, the interaction of the current with the following waves increases the surge motion and
decreases both heave and pitch. Conversely, when the current interacts with opposing waves,
it decreases the surge and increases both heave and pitch responses.

Quantitatively, the interaction of the current with the following waves increases surge re-
sponses by up to 12% and decreases them by about 16.2% when interacting with opposing
waves. On the other hand, heave and pitch responses exhibited opposite trends, with the
current interaction with following waves decreasing heave by up to 24.4% and pitch by up to
21%, while its interaction with opposing waves increased heave by about 16.6% and pitch by
almost 14.5%.

These findings highlight the nonlinear nature of wave-current interaction and its implications
for floating structures (Y. Liu et al., 2019; Karimirad & Collu, 2020; L. Zhang et al., 2020). They
align with broader research on FOWTs and semi-submersible platforms, emphasising the
impact of static current and wind loads on turbine structures, particularly in surge and heave
directions, affecting both motion and mooring responses (L. Chen & Basu, 2019; Murfet &
Abdussamie, 2019).

Moreover, the results of Figure 5.16 showed phase lags of motion responses due to the
presence of current, which is particularly evident in pitch responses. The interaction of the
current with following and opposing waves was found to impact the crests and troughs of
motion responses by shifting their peaks. These behaviours are further explained through
frequency-based analyses in Figures 5.17 to 5.20 to provide a comprehensive understanding
on how wave-current interaction influences motion responses and their periods.

5.3.3 Frequency Domain Analysis

Frequency-domain analysis was performed to further investigate the combined effects of
current, wave directionality, and wave height on motion responses. Analyses are carried out
for both regular and irregular sea states.

5.3.3.1 Regular Waves

For regular waves, Figures 5.17 to 5.20 compare the impact of current interaction with the
following waves (propagating from 0°) and opposing waves (propagating from 180°) for waves
of the same periods and different heights: LC2 and LC7 from Table 4.5. The results have
shown that current predominantly influences motion responses at low frequencies, particularly
below the wave frequency, with varying effects on surge, pitch, heave, and roll motions.
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Figure 5.17: PSDs of surge motion response under regular waves and wave-current
conditions. Waves propagate from 0° and 180°, interacting with a current from 0°. Subplots
show variations in tension PSDs under different load cases of a period of (T') of 2.53 s and
different heights: LC2 of H= 116 mm (a-b), LC7 of H= 96 mm (c-d).

Focusing on the frequency shifts observed in the surge responses in Figure 5.17, a consistent
frequency peak of around 0.4 Hz is evident across these specific load cases. Frequency shifts
at these peaks due to the presence of a current were found to be minor, with differences
of no more than +£8%, depending on whether the waves were following or opposing the
current. Despite these differences seeming minor for the structure, they could have significant
implications for tower stiffness and blade assembly.

However, significant frequency shifts are observed before and after the peaks of the spectra,
with variations up to £70%. Thereby indicating a more pronounced effect of current in these
regions. For instance, in these regions, the interaction of the current with following waves
tends to decrease their frequency, while interacting with opposing waves leads to an increase
in frequency. These current-induced variations in frequency before and after the peak highlight
the complex interaction between waves and currents, leading to diverse frequency responses
in different regions (Tian et al., 2011; Z. Liu et al., 2016).
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Figure 5.18: PSDs of heave motion response under regular waves and wave-current
conditions. Waves propagate from 0° and 180°, interacting with a current from 0°. Subplots
show variations in tension PSDs under different load cases of a period of (T') of 2.53 s and
different heights: LC2 of H= 116 mm (a-b), LC7 of H= 96 mm (c-d).

Moreover, from Figure 5.17, the presence of the current results in energy dissipation in the
higher-frequency regions and energy amplification in the low-frequency regions of the fol-
lowing wave spectra. Such effects on surge response when current interacts with following
waves may stem from the additive effect of current and wave forces, enhancing overall motion
response. Conversely, when the current interacts with opposing waves, opposite spectral
behaviours are observed, with energy dissipation in the low-frequency regions and energy
amplification in the higher-frequency regions (Z. Liu et al., 2016).

The dampening effects when current interacts with opposing waves may stem from drifting
forces generated by the current, countering the motion induced by the waves. Similarly, the
heave response exhibits similar behaviours of the surge at both low and high-frequency
regions, as depicted in Figure 5.18. In contrast, pitch and roll responses consistently exper-
ienced increasing effects from current at low frequencies, regardless of wave direction (see
Figures 5.19 and 5.20).
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The overall influence of current on motion responses at frequencies lower than 0.3 Hz in
regular waves was observable and found to introduce smaller spectral peaks (Figures 5.17
to 5.20). These peaks coincided with the platform’s natural frequencies, suggesting low hy-
drodynamic damping in these regions. Consequently, these oscillations can be attributed to
second-order wave effects, significantly contributing to the dynamics of both motion response
and mooring.

The influence of current on motion responses extends beyond low-frequency ranges, as evid-
ent in the surge response at higher frequencies (exceeding 0.3 Hz). At these higher frequen-
cies, contrasting behaviours emerge compared to the observed patterns at lower frequencies.
Specifically, when current interacts with following waves, it reduces surge response, indicating
a dampening effect. Conversely, the interaction of current with opposing waves leads to an
increase in surge response, suggesting an amplifying effect. This differential impact of current
interaction on surge response across frequency ranges highlights the complex dynamics
involved in wave-current interactions and their effects on platform motion.

In the case of heave motion, the behaviour of response under wave-current load varies across
different frequency ranges. At low frequencies, heave motion was found to be less affected
by current, with slight increases induced by the current. However, at high frequencies, current
was seen to dampen the heave response, even when interacting with following or opposing
waves, particularly around and beyond the wave frequency. These observations align with
studies by L. Chen & Basu (2019), J. Zhang et al. (2021) and H. X. Nguyen (2022).

Moreover, Figures 5.19 and 5.20 illustrate interesting observations regarding pitch and roll
motions, respectively. Irrespective of wave direction, current increases the roll and pitch re-
sponse at low frequencies. However, significant reductions of up to 95% in the amplitudes
of the roll response peaks were evident in combined wave-current conditions, especially with
opposing waves. This reduction is attributed to the complex interplay with other DoFs and
vortex-shedding phenomena (H. Kim, 2018; lyer et al., 2022).

These findings have significant implications for FOWTs and other offshore structures (Saruwatari
et al., 2013). For example, the observed frequency shifts and energy dissipation/amplification
in motion responses, as influenced by wave-current interaction, are critical for optimising
design, operational strategies, and safety measures. Specifically, the effects of currents on
the surge, heave, pitch, and roll motions highlight the need for comprehensive assessments
considering wave-current interaction (Z. Liu et al., 2016).
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Figure 5.19: PSDs of pitch motion response under regular waves and wave-current condi-
tions. Waves propagate from 0° and 180°, interacting with a current from 0°. Subplots show
variations in tension PSDs under different load cases of a period of (T') of 2.53 s and different
heights: LC2 of H= 116 mm (a-b), LC7 of H= 96 mm (c-d).

Such an interaction is anticipated to have pronounced impacts on the platform’s natural fre-
quencies, necessitating tailored mitigation strategies. Therefore, accurate modelling of this in-
teraction is essential for predicting such dynamic loads and minimising undesirable responses
(Sellar et al,, 2017; A. C. Pillai et al., 2021). This, in turn, guides design considerations
and maintenance schedules, consequently extending the service life of FOWTs and mooring
systems.
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Figure 5.20: PSDs of roll motion response under regular waves and wave-current conditions.
Waves propagate from 0° and 180°, interacting with a current from 0°. Subplots show
variations in tension PSDs under different load cases of a period of (T') of 2.53 s and different
heights: LC2 of H= 116 mm (a-b), LC7 of H= 96 mm (c-d).

5.3.3.2 Irregular Waves

For stochastic seas, the power spectral densities for the surge, heave, and pitch responses
corresponding to irregular wave load cases A and B are shown in Figures 5.21 and 5.22.
The comparison between waves from 0° and 180° and their interaction with a current from
0° demonstrates distinct effects on motion responses. Opposing waves (from 180°) induce
slightly larger intensities in surge and heave responses compared to waves attacking the
platform at 0°, while the pitch response exhibits the opposite behaviour.
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Figure 5.21: PSDs of surge, heave and pitch motion responses under an irregular waves load
case (LC: A) and wave-current conditions. Waves propagate from 0° and 180°, interacting with
current from 0°. Subplots show PSD variations of surge, heave and pitch responses.

The influence of the current is evident across two distinct frequency zones: low and high
regions. This can be attributed to the interaction between the current and waves. In low-
frequency zones, the current stimulates responses and results in smaller peaks. At higher
frequencies, current influences the pitch motion response differently when interacting with
following waves compared to opposing waves, leading to either an increase or reduction in
intensity. Additionally, the current induces shifts in the frequencies of peak PSDs.
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Figure 5.22: PSDs of surge, heave and pitch motion responses under irregular wave load
cases (LC: A and B) and wave-current conditions. Waves of different both significant wave
heights and peak periods propagate from 0°, interacting with current from 0°. Subplots show
variations in response PSD of: surge (top), heave (middle) and pitch (bottom), demonstrating
frequency shifts and peak magnitude differences.

Moreover, Figure 5.22 clearly illustrates these frequency shifts, focusing on the current interac-
tion with the following waves. The PSDs for surge, heave, and pitch responses corresponding
to irregular waves A and B are compared. Results indicate that PSDs for both load cases A
and B peak at their respective wave frequencies, 0.395 Hz and 0.549 Hz, respectively. This
is important as it shows the dominant motion frequencies of the FOWT under different wave
conditions. Notably, energy densities of motion responses in load case A surpass those in

load case B, particularly evident in surge response.
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Besides, the results underscore peak-frequency shifts attributed to the presence of the cur-
rent, particularly evident in the heave response (see mid-subplot in Figure 5.22). Thus, un-
derstanding and quantifying how wave-current interaction alters these frequency shifts and
energy densities is crucial for optimising floating wind platforms and mooring systems.

Overall, the results highlight the significant influence of wave directionality and the complex
interaction between current and waves on the motion responses of FOWTs. The findings
demonstrated the dynamic characteristics of motion responses, revealing distinct effects at
different frequency ranges depending on the motion DoF and loading conditions (Diep Nguyen
et al., 2021). Furthermore, these current-induced alterations in the surge, heave, and pitch
motions inherently correlate with corresponding changes in tension loads experienced by the
mooring lines.

5.4 Peculiarity of W2Power Floating System

W2Power floating system is distinguished by a range of unique design features; see Ap-
pendix A. Among these distinctive features is its unique single-point mooring system that
enables the platform to weathervane, thereby responding dynamically to prevailing loading
conditions. This capability has been demonstrated in present experiments, showcasing how
the platform adjusts to the direction of significant loading.

For example, for the regular load case (LC7), the sway and yaw motions of the platform are in-
fluenced by the direction of wave propagation, particularly from 90°. The platform showcases
its weathervaning ability by aligning itself with incoming waves, as evidenced by the sway and
yaw responses over time, as shown in Figure 5.23.

During experimentation, that model was initially positioned in the centre of the test area with its
bow facing 0° and stern facing 180° (close to the gantry), as depicted in Figure 5.24.a. Then,
the platform gradually rotates towards the incoming waves (see Figure 5.24.b), showcasing
its weathervaning capability.

The platform’s dynamic weathervane is further exemplified in combined wave-current load-
ing with current originating from 0°. Despite the crossing influences of waves and currents,
the platform responds to the most dominant load condition. This phenomenon is evident in
Figure 5.24.c, where the current realigned the model to its initial position in the centre of the
tank’s test area. This, in turn, resulted in a near-zero yaw response and a more stable sway
response (Figure 5.23).
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Figure 5.23: Time history of sway and yaw motion responses under a regular wave load case
(LC7) and wave-current conditions. Waves propagate from 90°, interacting with current from
0°. Demonstrating the system’s weathervaning capabilities and its motion dynamic responses
to the dominant loading (combined wave-current).

Moreover, this SPM system allows for a more balanced distribution of loads among mooring
lines, thereby reducing fatigue loads on the platform and mooring lines. Such characteristics
are particularly evident in the stable sway response observed approaching from 90°, contrary
to the significant sway response in single-turbine floating platforms with conventional mooring
systems.



Figure 5.24: Artistic depictions visualising the weathervaning capabilities of the W2Power FOWT model at a scale of 1:40 under waves and wave-
current conditions. Proceeding clockwise from the bottom left: (a) the model in still water in the centre of the test area before sea states run and a
top view of FloWave coordinates shown in the small picture (bordered in red), (b) waves being run from 90° causing the model to weathervane, with
its stern (front column) towards almost 45° (halfway weathervaning of approaching waves), (c) the model fully weathervaned under wave loading,
with its stern towards the wave attack angle (90°), and (d) current was generated, forcing the model to weathervane again in the opposite direction,
and showing the model returned back to its initial position in the centre of the tank test area.
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The comparison of loads on the mooring lines is present in Figure 5.25, and the balanced
load distribution on lines B and C is evident. For instance, under waves, the mean loads are
almost equal and about 19 N on both lines and under combined wave-current, the mean loads
are 23.6 N on line B and 20.5 N on line C.

These findings underscore the effectiveness of the concept in responding to dominant envir-
onmental loads, thereby minimising fatigue loads on the platform and mooring lines. Thus
demonstrating the capabilities of W2Power and its potential to optimise performance and
enhance structural integrity in the floating wind industry.

5.5 Chapter Summary

This chapter presented and discussed the results obtained from the conducted experimental
tests described in the previous chapter (Chapter 4). It encompassed the dynamics of motion
responses and the mooring system under various environmental conditions, including wave,
current, and combined wave-current scenarios.

Investigations delved into the e ffects of wave directionality under both regular and irregu-
lar waves propagating from different directions. Additionally, diverse wave-current interaction
scenarios were explored to understand their impact comprehensively. Subsequently, the im-
plications of these loading conditions on mooring loads and platform motion responses were
thoroughly analysed and discussed.

Furthermore, frequency-based analysis was conducted for different sea states, providing
valuable insights into the system’s dynamic characteristics across various frequency ranges.
Through experimental measurements, the distinct features of the W2Power floating system
were demonstrated, showcasing its weathervaning capabilities under dominant loading con-
ditions, particularly in complex wave-current environments.

Overall, this part (Part Il) of the chapters (Chapters 4 and 5) offered a comprehensive ex-
amination of the experimental findings, contributing significant insights into the performance
and behaviour of the FOWTs in realistic environmental conditions. These findings laid a solid
groundwork for further discussions and implications in subsequent chapters.
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Chapter 6

Numerical Modelling of FOWTs:
Methodology and Analysis

6.1 Introduction

In order to address the research questions defined in Section 1.7, numerical modelling meth-
ods are used. This chapter provides in-depth analytical and numerical investigations into the
effects of wave-current interaction on the motion responses of MUFOWPs and the dynamics
of their mooring systems. It commences by providing rational and technical background on the
dynamic responses of FOWTs when deployed in wave-current environments. Then it presents
the development of the W2Power FOWT system (W2Power, 2010), which is equipped with a
pair of NREL 5 MW wind turbines and moored to the seabed using a single-point mooring
system. Herein, it delves into the development of the W2Power platform model and conducts
hydrodynamic analyses. To fix the floating platform to the seabed and ensure it remains in
place, the chapter introduces a new mooring system, then details the coupling of the floater-
towers-nacelles-rotors model.

Subsequently, it details the development of two analytical models to analyse current interac-
tion with regular and irregular waves. Furthermore, it outlines the environmental conditions
and the execution of coupled aero-hydro-servo-elastic analyses in the time domain. The fully
coupled analyses considered various loading scenarios to explore to what extent currents and
their interaction with waves impact the dynamic responses of platform motions and mooring
systems.
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6.2 Background and Rational

In realistic ocean environments, waves propagate on a current, and the interaction between
currents and waves results in frequency shifts and changes the wave parameters (J. Smith,
1997; Moreira & Peregrine, 2012); as detailed in Section 3.2 and explained in Figure 3.1.

In deep waters, where FOWTs are deployed and WCI coexist, this interaction impacts the
dynamic responses of FOWTs during operational and extreme conditions. As a consequence,
they might increase the platform’s mean surge wave-drift force (R. Zhao et al., 1988) and
leads to fatigue in the system’s superstructures (e.g. mooring lines and towers) (L. Chen &
Basu, 2018; Qu et al., 2020; L. Silva et al., 2021; Sarkar et al., 2020). However, WCI has not
been addressed extensively in the coupled analysis of FOWTs, and that is due to two key
challenges:

i) the need for a fully nonlinear mooring model capable of incorporating current,
i) and development and implementation of an appropriate model to account for wave-
current interaction.

The recent development of nonlinear mooring models has addressed the first challenge (Palm
et al., 2016; Davidson & Ringwood, 2017; A. C. Pillai et al., 2018b). However, the latter has
not yet been overcome and is still an ongoing research topic. Moreover, most commercial en-
gineering tools (e.g. FAST, Sima, OrcaFlex) employ the conventional superposition of waves
and currents when defining the properties of waves (J. M. Jonkman & Jonkman, 2016; Sima,
2023; OrcaFlex, 2023), such as JONSWAP waves (Hasselmann et al., 1973). What is missing
is the Doppler shift modification of the linear dispersion relationship that accounts for the effect
of the current (Azcona et al., 2017).

To overcome this limitation, new formulations and derivations for the total fluid particle velocity,
the vector sum of the current velocity and wave-induced fluid particle velocity, are needed to
incorporate Doppler shift appropriately. Subsequently, custom analytical models must be de-
veloped to account for the interaction between currents and waves (both regular and irregular)
and then analyse the dynamic behaviours of FOWTs appropriately.

As reviewed earlier in Section 3.7, the well-known models for the interaction of waves (regular
and irregular) and currents are based on the Airy wave theory (Thomas, 1981; N. E. Huang et
al.,, 1972; Tung & Huang, 1974). These models have been used in the design and structural
response assessment of offshore structures, such as floating bridges and marine platforms
(Ismail, 1984; Dai et al., 2022). Furthermore, the utilisation of these WCI models in the
dynamic structural responses of bottom-fixed offshore wind turbines is outlined in Section 3.8,
and for Spar FOWTs in Section 3.9.
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Nevertheless, the effects of WCI on semi-submersible FOWTs that utilise single-point-mooring
(SPM) systems have not been investigated. Consequently, this work looks into the effect of
wave and current interaction on the mooring loads of an SPM system of a semi-submersible
FOWT and explores how this interaction impacts the dynamic behaviour of the entire floating
system under realistic environmental conditions.

To achieve this, a nonlinear hydrodynamic model of the mooring system and analytical wave-
current models are developed and incorporated into a coupled analysis of the FOWT to ac-
count for the interaction. Herein, investigations focus on the mooring system’s hydrodynamic
loading and nonlinear dynamics and consider the W2Power floating wind system at full scale.
Thereby, a coupled model for the W2Power floating wind turbine is developed. Coupled aero-
hydro-servo-elastic analyses in the time domain are carried out in the time domain with the
incorporation of wave-current interaction.

6.3 Mathematical Models of Wave-Current Interaction

6.3.1 Governing Equations

When wave and current fields coexist, the velocity potential can be divided into a steady cur-
rent potential and an unsteady wave potential. Then, the water surface elevation surrounding
the structure can be calculated by incorporating both the unstable wave potential and the
current velocity into the first-order dynamic surface boundary condition (Isaacson & Cheung,
1993). The following coordinate system (x,z), shown in Figure 6.1, is defined to introduce
the models for the wave-current flows. The origin, O ), is assumed to be the mean water
level (MWL), with the positive x-axis aligned horizontally in the direction of wave propagation,
whereas the z-axis points vertically upward.

For a rotational flow of an inviscid and incompressible fluid, the continuity equation and mo-
mentum (Euler) equations, introduced in Section 3.3, apply. The Cartesian x-axis is selected
to follow the direction of wave propagation (H. Kim et al., 2001). This makes the derivatives
of the velocity in the y-axis equal to zero, thereby simplifying Equations (3.1) to (3.4) to the
following expressions:

du 87w_

S5 =0 (6.1)
3‘+u3i+wgzz—;gi (6.2)
‘;Vt”ﬂf;:w‘?;z—;f}’;— (6.3)

where, u and w represent the horizontal and vertical components of fluid velocity, p, g, and p

are the pressure, the gravitational acceleration and water density, respectively.
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Figure 6.1: Definition of the coordinate system for wave-current interaction of a finite depth.

6.3.2 Regular wave-current mathematical model

For regular wave-current interaction, the model formulations given in Thomas (1981) and
M. Silva et al. (2016) are adopted, and the following flow assumptions are made:

e The flow field is irrotational: this implies that the flow lacks vorticity, hence simplifying
the mathematical modelling process by eliminating certain complexities associated with
rotational flow patterns (Q. Chen et al., 2003).

e Waves are of small amplitudes and propagate on currents: this allows for the linear-
isation of the wave equations and the use of superposition principles to simplify the
interaction between waves and currents (Thomas, 1981).

o No flow fluctuations exist perpendicular to the Oy, plane, and the waves undergo no re-
fraction: this simplifies the model by restricting the analysis to a two-dimensional plane,
reducing the computational complexity of three-dimensional flow while still capturing
WCI effects (Thomas, 1981).

e The time and length scales of the current are relatively larger than the waves’ period
and wavelength: this allows for the separation of time scales, enabling the decoupling
of wave and current effects for a more straightforward analysis (S. Draycott, Steynor, et
al., 2018).
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These assumptions collectively facilitate the development of a robust and manageable math-
ematical model for analysing a regular WCI, providing a balance between accuracy and
computational feasibility (Q. Chen et al., 2003; Thomas, 1981; S. Draycott, Steynor, et al.,
2018).

After applying these assumptions, the resulting fields of the velocities («7 and wr) and pres-
sure (pr) can be represented as the sum of the flow contributions from both currents and

waves:
ur(x,z,t) = U(z) + u(z) cos(kx — wt) (6.4)
wr(x,z,t) = w(z) sin(kx — ot) (6.5)
pr(x,z,t) = —pgz+ pcos(kx — @t) (6.6)

where u, w, and p denote the magnitude of the perturbation caused by the wave, k denotes
the wave number in the direction of wave propagation (i.e. kK =27 /L; L is the wavelength),
and U(z) is the current velocity profile as a function of water depth (h,,) in the absence of
waves. o is the wave’s "apparent” angular frequency, and for an observer in a fixed reference
system is the sum of the relative or intrinsic frequency in quiescent water (®,) and the Doppler

frequencies (White, 1999) and can be written as:
0o=0,+%U (6.7)

in which, ¥ and U are, respectively, the vectors of the current velocity and wave number.
In the linear Airy wave theory, the water surface elevation 1(x,?) is sinusoidal and can be
expressed as:

n(x,1) = Acos(kx— ot) (6.8)

where A is the current-altered wave amplitude. Substituting the formulae of the resulting fields
of velocities and pressure, Equations (6.4) to (6.6), into the continuity, Equation (6.1), and
momentum equations, Equations (6.2) and (6.3), give:

ow
e = Ku (6.9)
p [ow U (z)
8—p—pw(a)—U(z)K) (6.11)
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After straightforward elimination of variables and some manipulation, Equations (6.9) to (6.11)
yield an alternate equation for vertical velocity, written as:
’w 5 K ’U(2)

EEA S 0-UQx)k 072 w=0 (612)

Equation (6.12) is known as the “inviscid Orr-Sommerfeld” or “Rayleigh” equation of classical
hydrodynamic stability theory in the flow domain —h,, < z < 0, which must be solved in
accordance with the rigid bottom boundary condition:

wr =w(z) =0 onz=—h, (6.13)
and the mean free surface linearised boundary conditions:

w(z) =A(w—xU(z)) onz=0 (6.14)
p=pgA onz=0 (6.15)

Substituting the boundary conditions on z = 0, Equations (6.14) and (6.15), into the pressure
field equation, Equation (6.10), gives the current-affected dispersion relation.

UG _ o] =0 (6.16)
9z

(0— KU(Z))298VZV + | k(0 —kU(z))
If the parameters A, ®, and h,, alongside U(z), can be treated as known values in ad-
vance from experimental specifications or measurements, then the system of Equations (6.12)
to (6.14) can be solved for the wavenumber x and the vertical velocity w(z). Accordingly,
once these unknowns have been determined, the depth-varying component of the horizontal
velocity u(z) can be derived from the continuity equation, Equation (6.1), as:

iow
K dz

u(z) (6.17)

However, the system is defined by the set of equations, Equations (6.12), (6.13) and (6.16),
can not be solved analytically for general wavenumbers and frequencies unless the second

J*U(z)
. 02 .
to a depth-independent current or a current that changes linearly with depth. The Rayleigh

derivative of the current velocity profile is equal to zero (

= 0), which corresponds

equation, Equation (6.12), can thus be rewritten as:

2
(;v;iczw:o (6.18)
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The Rayleigh equation, Equation (6.18), depends on the vertical velocity w(z) and the current
velocity profile U(z), and its solution for the wavelike horizontal velocity u(z) can be given by:

cosh[k(z+hy)]|

u(z) = A(0 —Upk) (ki) (6.19)
for w(z) by:
w(z) =A(w—UoK)W; (6.20)
and for p(z) by:
p(z) = pA(w— KUO)K‘Sinhl(K'/’lW) (0 — kU (z))cosh[k(z+ hy)]
U () (6.21)
+ sinh[K(z+ hy)]

dz

Substitution of Equations (6.19) to (6.21) in the resultant velocity and pressure fields, Equa-
tions (6.4) to (6.6), yields:

cosh[k(z+ hy,)]

ur(x,z,t) = U(2) + A(w — Upk) inh (1) cos(kx — @r) (6.22)
wr(x,z,t) =A@ — KUO)W sin(kx — ot) (6.23)
A —
pr(xzt) = —pge+ ‘m ([w — kU ()] cosh(k(z+h,))
+ agiz) sinh(K(z+hw))> cos(kx — ot) (6.24)

where Uy denotes the current velocity at z = 0. Substituting Equation (6.20) into Equation (6.16)
gives the modified dispersion relation as:

dU(z=0)

(0 —kUp)* = [gk — (@ — kUj) p)
z

| tanh(xh,,) (6.25)
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*U
This equation is only valid for both uniform and linear shear current profiles (i.e. when 8§Z> =
V4
0). For the former, it can thus be simplified to the convenient form of the dispersion relation:

(o — xUp)? = gktanh(xh,,) (6.26)

For a current of linear shear profile that can be expressed by:
U(z) =Uy+Bz (6.27)
then the modified dispersion relation can be represented as:
(o — xUp)? = [gk — (@ — xUp)B] tanh(ch,,) (6.28)

where B is the current slope, and Equation (6.28) is true for B = 0 (i.e. uniform profile), and
B # 0 (i.e. linear shear profile).

Based on the principle of 'wave-action’ conservation (Bretherton & Garret, 1970), the modified
wave amplitude of Equation (6.8) in the presence of a current, (A), can be rearranged as
follows (J. Smith, 1997; S. Draycott, Noble, et al., 2018):

| =

Coa 1 :
C, 1_~_Ucosoc ’
G

A=A, (6.29)

which is similar to Equation (4.3), but with different subscripts. Thus, the subscript ’a’ indicates
a region with the absence of current, and « is the angle between the propagation directions
of the wave and current, and C, is the velocity of the wave group and is given as:

1 2khy,
Co=-C1+—72—); 6.30
£ 2 (+sinh(2xhw)> (6:30)

where C is the wave apparent celerity, which is the sum of the wave celerity in the fixed
reference frame (C,) and the current velocity (U), and can be expressed by the wavelength
(L) and the corresponding period (T') as:

N~

C=C,+U; = (6.31)
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6.3.3 Stochastic Wave-Current Mathematical Model

Under the wave and current assumptions described in Section 6.3.2, a frequency-domain
wave-current model can be established by coupling the spectral representation of irregular
waves with the equations of the regular wave-current model (N. E. Huang et al., 1972).
Consequently, the spectral density of surface waves in the presence of the current, S(w,U),
is given by:

4S(o)
1/272
v (14 40) ]
8

in which S(w) is the spectral density of waves without the influence of current; U, ®, and g

S(w,U) =

(6.32)

14+ ——

4Uw]"?
e

are the current speed, frequency, and gravitational acceleration, respectively. In this thesis,
the JONSWAP spectrum was selected to generate the irregular waves (Hasselmann et al.,
1973), whose expression is:

2 4 4
() = Oéoisexp [—5 [%} ] 7 (6.33)

where w, is the peak frequency, v is the peak enhancement factor, and parameters @ and &
are

(0 — wy)? 0.07 ifo<a,
a=exp [_ﬁ] » 0=
0,6 0.09 if ® > w, , respectively.

From Equation (6.32), waves tend to shorten and become steeper when they encounter an
opposing current (i.e. when the current speed is negative), and vice versa for waves travelling
with a following current. Thus, it is worth mentioning that when the current speed is negative,
there is a cut-off frequency that can be determined using the following formula:

4Uw
1+——>0 (6.34)
8
Before this critical frequency (® = —%), surface waves with frequencies close to it become

extremely steep, and theoretically, beyond this frequency, no waves can exist. In reality, wave
breaking will occur at the current threshold, and since the wave amplitude at this critical speed
would be infinite; thus the waves break long before they reach this limit. However, breaking
still impacts wave components that propagate onto the current, so there is a limit to how
big waves can develop over a certain frequency range (Phillips, 1977). In order to address
this issue, T. Hedges (1981) derived the following "equilibrium range limit" for deep water
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(T. Hedges, 1981; T. S. Hedges et al., 1985):

A*g? 1
(w—xU)> .  2U(w—xU)
8

Ser(@,U) = (6.35)

1+

in which "ER" denotes the equilibrium range, and A* is a numerical (Phillips-like) constant for
the waves generated on currents, its values provided by Phillips in the range 0.008 — 0.015
(Phillips, 1977).

Given that the equilibrium range of the spectrum is associated with deep water, the pre-
ceding equation, Equation (6.35), can be used to predict spectral densities for the current
region whenever Ser(w,U) is smaller than S(w, U). Following that, alterations in the spectra
corresponding to flow velocity and acceleration driven by the subsurface current can be
estimated (T. S. Hedges et al., 1985; Soares & De Pablo, 2006; Peeringa, 2014). By employing
these spectral representations, the sinusoidal water surface elevation 1n(x,¢) for ith wave
components can be written as:

N
N(x,1) =Y Ajcos(kx— ajt + ;) (6.36)

i=1

in which ¢ is the random phase angle spread evenly between 0 and 27z, and N refers to the
total number of wave components. In this stochastic model, the amplitude of the i’ wave
component with frequency interval Aw is given by:

A; = [25(w;, U)Aw] "/ (6.37)

The corresponding formulae for the resultant horizontal and vertical velocities and pressure

fields are:
N cosh[x;(z+hy)]
ur(x,z,t) =U(z) +i:1Ai(wi - KiU)W cos(Kix — ot + @), (6.38)
N .
sinh|k;(z+h .
wr(x,z,t) = ;Ai(w,- - KiU)Sir[lhl((Kth)W)] sin(kx — @it + ¢;), (6.39)
N 2
pA;(@; — k;U)=cosh[K;(z + hy)]
1) =— X — ot + 0;), 6.40

respectively. Differentiating the velocity fields equations, Equations (6.38) and (6.39), with
regard to time yields the corresponding resultant accelerations (i.e. the horizontal and vertical)
as:
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7(x,2,1) ZA ;(@; — K; )C()S:;I[l];’((i))] sin(Kix — @it + ¢;), (6.41)
7(x,2,1) ZA o;(0; — K; )Wcos(l@x— w;t + ¢;), (6.42)

in which the wavenumber k; will be obtained from the modified dispersion relation, Equa-
tion (6.26), for each wave component. Although this model is stochastic, it cannot capture the
full-nonlinear effects of wave and wave-current interaction because it relies on linear wave
theory. However, some nonlinear effects (e.g. fluid velocity and acceleration) can be captured
by employing kinematic stretching techniques (e.g. vertical, extrapolation, and Wheeler) (Falt-
insen, 1993; Nestegard et al., 2019).

In the present simulations, the Wheeler stretching option within OrcaFlex is utilised to account
for the amplification of fluid velocity above the mean water level, thereby mitigating the issue
of unrealistically large particle velocities associated with linear wave theory (OrcaFlex, 2023).
This method operates by linearly stretching or compressing the water column to a height
equivalent to the mean water depth (Dresselhaus & Tabor, 1992).

Additionally, the Doppler effect of wave-current interaction is integrated into the model by
modifying the wave frequencies and wavelengths based on the relative motion of the current
and waves. Such adjustments are crucial for accurately simulating the dynamics of the FOWT
under varying environmental conditions. The Doppler shift is taken into account in the aero-
hydro-servo-elastic analyses in OrcaFlex models. This is done by changing the wave proper-
ties during the simulation runtime to reflect these changes, as explained in Section 6.8.3 and
shown in Figure 6.6.

6.4 W2Power floating Offshore Wind Turbine Model

6.4.1 Platform Model Description

In order to investigate the effects of wave-current interaction on the dynamic responses of
FOWTs, this work employs an innovative floating wind turbine model called W2Power as
a case study EnerOcean S.L. (2007). The present research considers an older version of
the platform, and does not represent the current design (Hanssen et al., 2015). W2Power is
described earlier in Section 4.5.3, and the main particulars of the platform at full scale are
given in Table 4.2.



Figure 6.2: Description of the W2Power FOWT: (a) the system’s main particulars; (b) the mooring system configuration; (c) the 6 DoFs of the
system.
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Since this work utilises the W2Power FOWT for numerical modelling in combined wave-current
conditions, the coupled model is developed (Figure 6.2). This model integrates hydrodynamic,
structural, and environmental aspects to simulate the dynamics of the W2Power system.
The following sections (Sections 6.5 to 6.8) detail the key components and methodologies
employed in the model development.

6.5 Platform Hydrodynamic Modelling

The hydrodynamic modelling approach includes the development of a panel model to create a
mesh file in FEM (finite element method) format, followed by diffraction-radiation to determine
hydrodynamic coefficients. Then, a mesh convergence analysis was conducted to optimise
the panel model’s accuracy and efficiency in predicting platform responses under varying
wave conditions.

6.5.1 Panel Model

A panel model was built with GeniE, considering different panel (node) sizes. GeniE, de-
veloped by DNV, is an engineering tool for modelling, analysing and code-checking structures
such as beams, plates and shells (GeinE, 2020). Using GeniE, a FEM mesh file was gener-
ated to carry out hydrodynamic and hydrostatic analyses of the panel model.

6.5.2 Diffraction-Radiation Analysis

Hydrodynamic diffraction-radiation analysis was conducted using OrcaWave, a three-dimensional
frequency domain panel code. OrcaWave is based on linear and second-order potential theory
and is utilised for diffraction-radiation analysis of floating and submerged bodies in waves
(OrcaWave, 2023). The aim of the linear diffraction-radiation analysis is to obtain hydro-
dynamic coefficients such as added mass, wave radiation damping, wave force, and drift
force coefficients for the OrcaFlex model of the W2Power floating wind turbine. The analysis
considered 32 wave periods ranging from 3.5 s to 400 s and 9 wave headings between 0° and
180°.

6.5.3 Mesh Convergence Analysis

A sensitivity (convergence) study was conducted to ensure that the mesh provided accurate
results without unnecessary density. The full set of periods and headings was included in this
study, although a reduced set could be used for efficiency.
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Table 6.1: Properties of the panel models.

Water plane area [m?]

Panel name Panel size [m] Number of panels [-]

Mesh1 0.05 1027 206.26
Mesh2 0.025 3647 207.97
Mesh3 0.0125 12639 208.48
Mesh4 0.00625 44342 208.67

(a)

(b)

Figure 6.3: Panel models (excluding Column B due to page’s space constraints) for mesh
sensitivity analysis, employing different characteristic panel sizes (Ax): (a) Mesh1 of Ax =0.05
m, (B) Mesh2 of Ax = 0.025 m, (c) Mesh3 of Ax = 0.0125 m, and (d) Mesh4 of Ax = 0.00625
m. Apparent differences in scale/dimensions are due to zoomed screenshots for clarity.

The panel size, denoted by A, represents the characteristic length of a panel element, and
efforts were made to maintain a uniform mesh size where feasible (see Figure 6.3). Herein,
clean-up and manual adjustments were made to some elements of the mesh to address
complexities in the platform’s geometry, thereby ensuring optimal element distribution and

resolution across the model (Moés et al., 2003).
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This analysis was performed on four meshes, whose main geometrical properties are sum-
marised in Table 6.1. The element density of the panel models is illustrated in Figure 6.3.
Note that increasing the number of elements must be done systematically by reducing each
element’s characteristic length (Ax) by a factor of 2. This results in the number of panels
increasing by a factor of 4 for each refinement.

Wave excitation forces are compared for the surge, heave, and pitch modes obtained with the
different panel models. Accordingly, the load RAOs (response amplitude operator) for a wave
heading of 45° are presented in Figure 6.4. Itis evident from the plots that the results converge
as the number of panel elements increases. However, there is a small shift in the peak periods,
with relatively steep curves leading to significant differences for a given period, particularly in
heave and pitch RAO load. This is likely influenced by the frequency resolution around the
natural period, which may not have been sufficient and contributed to these observed shifts.

Subsequently, it was found that Mesh3 (Ax = 0.0125 m) provided comparable results to the
finest mesh, Mesh4 (Ax = 0.00625 m). Only the coarsest mesh (Ax = 0.05 m) produced results
that are not in complete agreement with the finer-mesh results. Furthermore, Mesh3 and
Mesh4 produced very similar results; however, Mesh1 was clearly inadequate. Therefore,
Mesh3 was selected as an optimum candidate for this work, hereafter used in all analyses.
Detailed analyses encompassed with the results from the convergence study for all DoFs of
load RAOs are provided in Appendix B.1.



6.5. Platform Hydrodynamic Modelling 125

x10° Surge
T T T T
S L m AXx=0.05m
Ax=0.025m
E === Ax=0.0125 m
2 15F Ax= 0.00625 m ||
=
=
S 1+ e
=
=1
E 05F =
0k 1 | 1 | n
5 10 15 20 25
4 x103 Heave
T
E3r
2
=
Q L
32
-
=
=y
E1r
<
0 —
| 1 | 1
5 10 15 20 25
x10% Pitch
’g 15 -
B
=
=10}
)
o
S
=
S 5fF
€
<
0 | 1 | 1
5 10 15 20 25
Period (s)

Figure 6.4: Load RAO amplitudes in surge, heave and pitch DoFs for different mesh densities
for sensitivity analysis, for a wave heading of 45°.
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6.6 Mooring System Modelling

The configuration of the single-point mooring system is a typical catenary that comprises three
lines placed symmetrically along the platform’s Z-axis and spread by 120°, (see Figure 6.2.b).
The individual lines are made of stud-less chains. The W2Power is designed for water depths
of 200 m, whilst this study focuses on a potential deployment site of a water depth of 80 m.

Thus, a new mooring system is proposed for this water depth.

Actual mooring pipe Discretised model
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Figure 6.5: Depiction of line model of mooring in OrcaFlex (OrcaFlex, 2023).

The mooring cables were simulated using OrcaFlex’s FEM model, as shown in Figure 6.5.
Each line was discretised into segments, which were then modelled by straight massless
model segments with a node at each end (Van den Boom, 1985). The model segments only
capture the line’s axial and torsional properties, whereas the other properties, like mass,
weight, and buoyancy, were all lumped into the nodes (OrcaFlex, 2023). The seabed was

assumed to be horizontal and on a rigid plane.
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This FEM model approach was chosen for its accuracy in modelling dynamic interactions and
its computational efficiency. Other approaches for modelling mooring lines include lumped-
parameter models, which simplify cable dynamics but may not capture detailed interactions,
and more complex 3D cable dynamics models, which offer greater accuracy at the cost of
higher computational demand (Hall & Goupee, 2015). These alternatives explore various
levels of modelling fidelity, with simpler methods like the quasi-static approach and more
complex models (Hall et al., 2014).

6.6.1 System Survivability Analysis

To check the system’s survivability, contour surfaces for joint wind and wave parameters
are first constructed based on long-term joint distributions with the probability of exceeding
corresponding to a 50-year return period (see Figure 4.12). Accordingly, different extreme
load cases are defined with different wave seeds and summarised in Appendix B.2.

Therefore, as recommended by DNV (DNV-RP-C205, 2017), ultimate limit state (ULS) checks
were performed to ensure that individual mooring lines are strong enough to withstand the
loads imposed by extreme environmental conditions. According to DNV standards (DNV-OS-
E301, 2010), the design equation in the form of a utilisation factor (UF) can be expressed as
follows:

T,
UF=2<1 (6.43)
Se
Ty = (Ymean - Tmean) + (Yayn - Tayn) (6.44)

where, S, is the characteristic mooring line strength and was obtained from the minimum
breaking strength (Syas), with S; = 0.95 x Syss. Furthermore, T, is the design tension, Ymean
and yyn are partial safety factors for the mooring line’s mean (7imean) and dynamic (7gyn)
tensions, respectively. The values of the partial safety factors for both Thean and Tyyn have
been determined in accordance with a consequence class 1 (see Table 6.2).

Table 6.2: Partial safety factors for ULS analysis.

Safety factor for mean Safety factor for dynamic
Consequence class . .
tension (Tmean) tension (7gyn)
1.10 1.50

2 1.40 2.10
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The current analysis focused solely on the tension relative to the minimum breaking strength
of the mooring lines, indicating that the design is primarily based on the strength capacity of
the mooring system. By ensuring that the value of the UF remains below 1, the mooring lines
are deemed to be within the acceptable limits of the ULS criteria (DNV-OS-E301, 2010; DNV-
RP-C205, 2017). Consequently, the designed mooring system is optimised and employed in
the current study, and its properties are given in Table 6.3.

Table 6.3: Characteristics of the mooring system.

Parameter Unit Value
Water depth [m] 80
Fairlead depth [m] 15
Anchor radius (R) [m] 382.24
Line length [m] 398.3
Number of lines [ 3
Line type (grade) [-] Chains (R4—Studless)
Line dry, wet weight [kN/m] 537, 466.4
Axial stiffness [kN] 252, 500
Fairlead pretension [kN] 1153
Nominal chain diameter [mm] 157
Minimum breaking load (MBL) [kN] 21,235

6.7 Coupled Model of Floater-Mooring-Towers-Nacelles-Rotors

The platform is engineered to accommodate two 6 MW WTGs. Due to a lack of data on this
WT, it is, therefore, analysed with a pair of the well-documented and publicly accessible NREL-
5 MW WTG (J. Jonkman et al., 2009). However, the mass and inertial properties of the NREL
baseline models are different from those of the 6 MW turbines, which could lead to variations
in the structural requirements and ballasting arrangements of the platform (J. Jonkman et al.,
2009; Meng et al., 2018). For safe operation, the ballasts were systematically adjusted until
the design operational draft of 15 m was attained. This adjustment ensures that the system
maintains its stability and performance despite the change in the turbines’ specifications.
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The towers are conical tubular steel structures of a height of 77.6 m and base (at the platform’s
top) and top diameters of 6.5 m and 3.87 m, respectively. They are cantilevered at an outward
15°atop the floater’s stern columns (A and C). Towers’ data are adopted from the OC3-Hywind
spar FOWT (J. Jonkman, 2010b; Shin, 2011), and provided in Table 6.4. Note that this system
(i.e., Hywind FOWT) has experienced significant operational challenges. Due to mooring-
related fatigue issues affecting the structure and tower, all five units have been towed back
recently to Wergeland Port on the west coast of Norway (Recharge, Jan 12, 2024).

The converging equation is established to calculate the displacement, velocity, and acceler-
ation of the FOWT, as well as the mooring dynamics. It considers the effects of wind, wave,
cable forces, and wave-current interaction, and is written to be solved for the 6 DoF motions
as follows:

(M + A.)i(t) + /0 "K(t — 2)£(1)dT 4+ BE(t) + Cx(t) = Fult) + Fo(t) + Falt)  (6.45)

this equation is known as Cummins equation, in which, M is the mass matrix of the entire
FOWT including ballast, A is the added mass matrix at infinite frequency, and K{t) is the
retardation function matrix (impulse response), which was calculated by the Cummins model
(Cummins et al., 1962).

Besides, the convolution integral handles the ‘memory’ effect of past motions (Rognebakke,
2002), where 7 is a’'time’ variable ranging from 0 to ¢. B is the nonlinear damping matrix, and C
is the stiffness matrix that comprises both the hydrostatic stiffness provided by buoyancy and
the mooring stiffness, C = (Cy, + Cy,). The displacement, velocity, and acceleration vectors of
the body are, respectively, denoted by x, X, and X. On the right side, F,, is the mooring fairlead
tensions, F;, is the hydrodynamic loads (first- and second-order wave forces, and current drag
force), and F, is the aerodynamic loads on the two rotors.

Table 6.4: Specifications of the NREL 5 MW baseline wind turbine.

Parameter Unit Value

Rated power [MW] 5

Number of blades [ 3

Rotor configuration [ Upwind

Hub, rotor diameter [m] 3,126

Cut-in, rated rotor speed [RPM] 6.9, 12.1
Drivetrain, control system [ Geared, pitch regulated
Rotor, nacelle, tower mass [tonne] 110, 240, 249.7

Cut-in, rated, cut-out wind speed [m/s] 3,11.4,25
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6.8 Model Setup for the Implications of Wave-Current Interaction

This section establishes the setup of the coupled model to explore the implications of wave-
current interaction on the dynamics of the W2Power FOWT. It presents the modelling of the
coupled floater-mooring-towers-nacelles-rotors model, detailing the aspect of each subsys-
tem. Additionally, it outlines the integration of wave-current interaction models within the fully
coupled framework.

6.8.1 Platform-Mooring Modelling

The numerical modelling tools used are SolidWorks, DNV’s Sesam-GeniE, and Orcina Ltd’s
OrcaWave and OrcaFlex (Solidworks, 2021; GeinE, 2020; OrcaWave, 2023; OrcaFlex, 2023).
As detailed in Section 6.5, the floater's geometry was developed using SolidWorks, and its
mass and inertia matrices were obtained. The hull's panel model (i.e. heave plates and
columns) was meshed using GeniE. OrcaWave was then used to perform the diffraction
analysis for the ballasted floater in the absence of the mooring system and superstructures
(e.g. turbines, towers, nacelles). This yielded the floater's RAOs and other hydrodynamic para-
meters such as the hydrostatic stiffness coefficients, the frequency-dependent hydrodynamic
added mass and radiation damping, the first- and second-order wave forces, and difference-
frequency QTFs.

Then, the OrcaWave-generated model was loaded as a vessel object into OrcaFlex to model
the floater as a rigid body, whose motion is defined by three translational displacements
(surge, sway, and heave) and three rotational displacements (roll, pitch, and yaw) at the body
origin (0,0,0) (see Figure 6.2). Then, the mooring lines of properties listed in Table 6.3 were
added between the platform’s fairleads and the seafloor.

To account for the contribution of current-induced drag loads on viscous damping and mean
platform offsets, the analysis considered drag loads on the submerged structures (mooring
lines, heave plates, columns, pontoons, and braces). Thereby, an extended form of Morison’s
formula was employed to calculate the hydrodynamic loads on the mooring lines and platform
(Morison et al., 1950; OrcaFlex, 2023), which can be expressed as follows:

Drag

Inertia

1
f= (Cm Aaf— C, Aab) + <2 pCsA |Vf|Vf> (6.46)

in which, f is the fluid force per unit length exerted on the body. C,,, and C, are, respectively,
the inertia and added mass coefficients for the body, and the value of C,, was taken to be
1 +C,. A denotes the mass of the fluid displaced by the body, and ay and a;, are the fluid and
body accelerations relative to the earth, respectively. p represents the density of water, C; is
the drag coefficient for the body, A is the drag area, and vy is the fluid velocity relative to the
earth.
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6.8.2 Superstructures Modelling

The superstructures (e.g. towers, heavy topsides) are modelled explicitly to include the rotors’
rotation and flexing of the towers and blades in the OrcaFlex model. The towers are modelled
as profiled cylinders via line objects that utilise homogeneous pipe attributes, which enable the
modelling of variable outer and inner diameter profiles and their corresponding physical prop-
erties (e.g. mass and inertia). Such modelling allows for accurately capturing the structural
behaviour and dynamic responses of the towers under different loading conditions. This, in
turn, ensures a realistic simulation of the flexing and rotation of the towers, thereby enhancing
the fidelity of the overall structural analysis (OrcaFlex, 2023).

The rotors are then connected to the towers via nacelles that are modelled as lumped 6D
buoys with their respective properties, and to increase blade-to-tower clearances, the rotors
and nacelles are tilted by 5° (J. Jonkman et al., 2009). Furthermore, blade structural mod-
els closely resemble a line model, with segmented blades and nodes at the ends of each
segment. The blade discretisation and segment lengths were meticulously adjusted to be
consistent with the overall length of the NREL-5MW turbine (J. Jonkman et al., 2009). At each
node, the mass and inertia properties are appropriately grouped. BEM theory is utilised to
capture aerodynamic loads (Froude, 1920).

6.8.3 Modelling of Wave-Current Interaction

Wave-current interaction is modelled using an external Python function (Van Rossum et al.,
1995). This function solves the linear dispersion relation, Equation (6.26), to obtain the current-
included wavenumber. It is not possible to solve Equation (6.26) analytically; therefore, it is
solved using the physical approximations by Fenton & McKee (1990). The presence of current
slightly modifies the solution method; therefore, the well-known Newton-Raphson’s method is
used to refine the approximation. It is tailored to attain arbitrary customisable accuracy (Ben-
Israel, 1966).

Subsequently, these custom analytical models that account for the interaction between cur-
rents and waves (regular and irregular) are compiled using the OrcaFlex Python APl (Or-
cFxAPI, 2024). The current-altered wave profiles are then imported into OrcaFlex’s environ-
ment section, and the simulations are executed accordingly using Python external functions
at runtime.

The developed coupled model integrates two key aspects: the influence of current on the
mooring lines and the incorporation of WCI in estimating the hydrodynamic loading on the
FOWT. The setup of the coupled analysis for the developed model is illustrated in Figure 6.6.
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6.9 Models Validation

To ensure the reliability and robustness of the numerical models developed in this chapter,
rigorous validations have been undertaken against experiments presented in Chapter 4. This
validation involves the utilisation of environmental conditions from the experimental setup to
replicate numerical data accurately. The load cases from the experimental campaigns have
been simulated using the numerical models developed in this chapter. Specifically, the load
cases for regular and irregular waves are detailed in Tables 4.5 and 4.6, respectively, and the
characteristics of the current are given in Table 4.7. Subsequently, the outcomes of the model
validation are provided in Chapter 7.

Following the validation, further comprehensive numerical investigations have been conducted
using the developed models. These investigations encompass different wave-current inter-
action scenarios distinct from those considered in the validation phase. These scenarios
are based on new environmental loads and simulation setups detailed in Section 6.10. The
numerical results of these subsequent simulations are presented and discussed in Chapter 8.

6.10 Environmental Loads and Simulation Setup

6.10.1 Environmental Loads

This study investigates the performance of the W2Power floating wind system at a refer-
ence site, Canary-1, located off the coast of Gran Canaria in the Atlantic Ocean (Figure 4.9
and Table 4.4). The environmental contours of this site are constructed and presented in
Section 4.6.2.

Wind

The rated wind speed (U,,) at the top of the towers is assumed to be 11.4 m/s, corresponding
to the mean wind speed at 100 m hub height at the Canary-I site (see Table 4.4). The wind is
assumed to be in the same direction as the axes of the rotor and is modelled using the NPD
(Norwegian Petroleum Directorate) spectrum (B. Jonkman & Kilcher, 2012).

Waves

Different wave conditions are picked from the contour to represent both "survival" and "op-
erational" loading conditions (refer to Figure 4.12). For the selected sea states, regular wave
trains are defined by linear Airy types of height (H) and period (T'). While irregular are repres-
ented by the JONSWAP spectrum using a peak factor (7), significant wave heights (H), and
peak period (7},).
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Current

Current specifications are presented in Table 4.7. As demonstrated in Figure 4.10, the site has
maximal and average current speeds (U,) of 0.8 m/s and 0.3 m/s, respectively, whose profiles
are characterised within OrcaFlex environment data. Note that OrcaFlex models currents as
applied loads (OrcaFlex, 2023). This approach is a common practice in the field, and it was
found to simulate the effects of current with adequate accuracy.

However, it is important to note that this method does not account for the effects of current on
the wave profile. Thus, it does not incorporate wave-current interaction, which could introduce
additional complexities in real-world scenarios that might implicate the dynamics of the floating
system (J. M. Jonkman, 2007). Afterwards, various load cases are defined and tabulated in
Table 6.5 along with their identification numbers.

Table 6.5: Load case parameters for coupled-analysis simulations of wave-current interaction.

Load Wave H (Hs) T (Tp) JONSWAP U, C_urrerit U,
case model [m] [s] Y [m/s] direction [m/s]
Extreme sea states

LC1 Regular 4.63 16 — 0.8 Following 0
LC2 Regular 4.63 16 — 0.8 Opposing 0
LC3 Regular 3.85 8 — 0.8 Following 0
LC4 Regular 3.85 8 - 0.8 Opposing 0
LC5 Irregular 4.63 16.4 3.3 0.8 Following 0
LC6 Irregular 4.63 16.4 3.3 0.8 Opposing 0
LC7 Irregular 3.85 9 3.3 0.8 Following 0
LC8 Irregular 3.85 9 3.3 0.8 Opposing 0
Operational sea states
LC9 Regular 1.4 7.4 — 0.3 Following 11.4
LC10 Regular 1.4 7.4 - 0.3 Opposing 11.4
LC11 Irregular 1.4 7.4 2 0.3 Following 11.4
LC12 Irregular 1.4 7.4 2 0.3 Opposing 11.4

6.10.2 Simulation Setup

During the simulations of extreme sea states, the turbines’ rotors are parked. When the rotor
is parked, the turbine blades are feathered to minimise the aerodynamic loads. This allows us
to focus on the effects of WCI on the dynamic responses of the platform and mooring lines
under such loading conditions. Whilst the aerodynamic loads and wind drag forces act on the
wind turbine systems are included in the operational conditions.
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In all simulated cases, the direction of the waves is fixed at 180°, and the current hits the
platform from two directions (i.e. 180° and 0°), hence creating two scenarios when it interacts
with waves: following and opposing, respectively. To assess the effect of current and the
inclusion of wave-current interaction on the dynamic responses of the FOWT, the simulated

scenarios are:

i) waves only,

i) currents only,
i) straightforward superposition of wave-current effects without considering any interac-

tion,
iv) and incorporation of the wave-current interaction effects.

Consequently, the load cases defined in Table 6.5 are executed to produce the environmental

loadings shown in Figure 6.7.
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Figure 6.7: Configurations of directional environmental loadings for numerical simulation
matrices: (a) waves only, (b) currents only, (c) combined wave-current loads, and (d) combined
wind-wave-current loads. Also, showing the coordinate system of OrcaFlex, where W2Power

FOWT is positioned at its centre.
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6.11 Chapter Summary

This chapter presented the methods used to investigate the dynamic responses of the W2Power
FOWT under combined wave-current conditions. The W2Power FOWT model with a pair of
NREL 5 MW WTGs was described. Based on the Airy wave theory, two WCI models were
developed to account for current interaction with regular and irregular waves.

Furthermore, a comprehensive framework was established to perform aero-hydro-servo-elastic
analyses in OrcaFlex, and it incorporates wave-current interaction in coupled analyses. This
chapter laid the groundwork for the following two chapters. Chapter 7 will present the results
of model validation, and Chapter 8 will provide key findings from additional simulations under
different WCI scenarios.



Chapter 7

Numerical Modelling of FOWTs:
Models Validation

7.1 Introduction

This chapter presents an extensive validation study comparing the experimental models de-
veloped in Part |l with the numerical models introduced in Chapter 6. The aim is to evaluate
the accuracy and reliability of the coupled model of the W2Power floating wind system, as well
as the simulations of the developed wave-current interaction models. Such validation is crucial
to ensure that the developed numerical models can reliably predict the dynamic responses of
the system under various environmental conditions, thereby fulfilling the thesis’s aims and
objectives outlined in Section 1.7.

Given that Chapters 4 to 6 aimed to address the research questions by assessing the in-
fluence of the MUFOWP concept on structural responses and mooring system dynamics,
the impact of tides on the design process, and the effects of wave-current interaction on the
dynamic behaviour of the entire floating system, the validation study presented herein is es-
sential. This validation confirms the reliability of the developed numerical models and ensures
they can effectively inform the design and optimisation of FOWTs in real-world scenarios.

7.2 Environmental Conditions

For validation purposes, the environmental conditions from the experimental setup are em-
ployed to replicate numerical data. Load cases from the experimental campaigns are simu-
lated using the developed numerical models outlined in Chapter 6. The load cases for regular
and irregular waves are detailed in Tables 4.5 and 4.6, respectively, and the characteristics of
the current are given in Table 4.7.

The tested loading configurations are visually depicted in Figure 4.15. Note that the direction
of the current remains constant at 0°, with waves approaching the floating platform from 0°
(following the current) and from 180° (opposing the current).

137
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Using the numerical models developed in Chapter 6, comprehensive simulations were per-
formed for two scenarios, with and without wave-current interaction, showcasing the impact of
WOCI on the system.

The validation process involved upscaling the measured data from the FloWave experiments
to the prototype scale using the Froude law (Froude, 1868). This upscaling allowed for a
comprehensive evaluation of the experimental data in a manner that aligned with the condi-
tions of the reference site, Canary-l, whose specifications and environmental conditions are
provided in Figures 4.9 and 4.10 and Table 4.4. Thus, all experimental data presented here
are presented in prototype scale (see Table 4.1). Further detailed information can be found in
Section 4.4.

Furthermore, validations of the floating system are categorised into three main parts:

I) assessment of the system responses of the floater-towers-nacelles-turbines model with
and without moorings in calm water,

Il) assessment of the dynamic responses of the fully-coupled model (floater-mooring-
towers-nacelles-turbines) under pure waves and pure current,

[ll) and assessment of the fully-coupled W2Power model in combined wave-current en-
vironments. Additionally, the accuracy of the developed wave-current interaction mod-
els will be validated to assess their capability in predicting the dynamic responses of
FOWTs.

7.3 Validation in Calm Water

7.3.1 Free-Decay and Static Pull-Out Tests

Prior to conducting tests with wave and current loading, free-decay and static pull-out tests
were performed to identify the W2Power system’s dynamic characteristics in calm water.
Firstly, experimental free-decay tests were carried out for the surge, sway, heave, and pitch
DoFs. Herein, the platform was forced to initial offset positions in calm water and then released
to oscillate. Subsequently, the displacements of the FOWT during the free-decay tests were
recorded by the motion capture system.

It should be noted that considerable efforts have been made to ensure that the examined DoF
was excited without cross-excitation for other DoFs. However, free-decay tests for the sway,
roll, and yaw DoFs were not conducted due to the difficulty of applying an initial offset in these
DoFs without exciting the other degrees of freedom, compounded by the relatively large scale
of the physical model (1:40).
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Figure 7.1: Time history of free-decay tests in still water. Validation of measurements against
numerical simulations for surge response.

Comparative analysis between the FloWave data and OrcaFlex simulations for the free-decay
tests in surge, heave and pitch DoFs are, respectively, presented in Figures 7.1 to 7.3. The
results reveal a good agreement in both the amplitude and period of the oscillations between
the measured and numerically predicted motion responses.

However, small differences were observed at the beginning of the decay tests, particularly
in the heave and pitch DoFs, with the two curves obtaining the same form after the second
oscillation of the platform. For instance, the numerical simulations slightly underestimated
the surge motion response by about 10% (Figure 7.1). Conversely, overestimations of about
13.5% and 17% were observed for heave and pitch, respectively (Figures 7.2 and 7.3). These
overestimations can have implications for the stability of the platform, potentially affecting the
dynamics of the entire floating system under similar conditions. Such variations in damping
can be attributed to the assumed drag coefficients, necessitating further investigation.

Phase differences are observed between experimental and numerical results at the beginning
of the tests and persist throughout the time histories. Specifically, this phase difference is
seen in the surge response (Figure 7.1), with numerical simulations lagging, and in the heave
response (Figure 7.2), with the experiments lagging.
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Figure 7.2: Time history of free-decay tests in still water. Validation of measurements against
numerical simulations for heave response.

These phase discrepancies can be attributed to various factors, such as initial conditions
and setup differences between the experimental and numerical models and uncertainties in
experimental data. The measurement accuracy of the Qualisys system is assumed to be
+1% mm, which translates to approximately 0.04 m when upscaled to full scale. Furthermore,
the inherent complexities of fluid-structure interactions (Gabl et al., 2019, 2021). Such phase
differences might impact the reproducibility of certain load cases. Thus, further efforts are
required to minimise these discrepancies and enhance the accuracy of the models.

Despite these initial discrepancies, the oscillations eventually converge, showcasing consist-
ency in the period of the motion responses. To determine whether these differences are phase
discrepancies or merely temporal offsets, an alignment of the first peak of the oscillations
was attempted. This method allowed for a clearer comparison of the subsequent motion
responses. The alignment shown in Figures 7.1 to 7.3 revealed that the overall behaviour
of the system, particularly in terms of the oscillation periods, tends to be consistent between
the experimental and numerical results as the tests progress. Therefore, the phase differences
observed in the surge and heave responses are treated as transient effects that diminish over
time as the system reaches a more stable state (Devolder et al., 2018).
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Figure 7.3: Time history of free-decay tests in still water. Validation of measurements against
numerical simulations for pitch response.

Furthermore, tests with mooring lines attached were conducted and detailed in Appendix C.1.
Similarly, minor disparities between experimental and numerical outcomes were noted (see
Figure C.1). Apart from the assumed coefficients, these differences could also stem from
technical uncertainties during the tests, such as potential human errors.

7.4 Validation in Current and Wave Environments

To further validate the accuracy of the developed model encompassing the floater-mooring-
tower-nacelles-rotors, investigations were conducted under pure current and pure wave condi-
tions. Comparisons between numerical simulations and experiments were made for the same

loading conditions.
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7.4.1 Dynamic Responses under Current

The system dynamics under current loads are scrutinised, with Figures 7.4 to 7.6 showing the
validation results.

7.4.1.1 Mooring Dynamics

Figure 7.4 compares the time histories of mooring loads at the fairleads of the three lines (A,
B, and C) between OrcaFlex simulations and FloWave measurements. Note that the current
has a speed of 0.8 m/s, hitting the platform from the front side (column B).

Overall, mooring line A experienced lower loads (i.e. 928.5 N) compared to lines B and C
(i.e. 1328.5 N), as it is positioned on the downwind side and aligned with the direction of the
current stream. The comparison revealed a general agreement between experimental and
numerical results, particularly in lines A and B.

However, a discrepancy between the numerical and measured load of mooring line C is
noticeable. Herein, the measured load is slightly higher than the simulated one. This variance
can be attributed to the excessive pretension on the line (i.e. circled in blue) at the test’s onset,
as evident from the bottom panel of Figure 7.4. This pretension might be due to the potential
misalignment of the model at the predefined position in the centre of the tank test area.

Since the tests were conducted consecutively, this misalignment may have been influenced
by carryover (residual) effects from previously run sea states, underscoring the sensitivity of
single-point mooring and the dynamic response of the W2Power system. Such observations
highlight the need for careful consideration in future experimental setups to enhance model
accuracy and reliability.

Moreover, the presence of reflected waves can prolong the settling time of the tank, with
multiple reflections potentially occurring across the tank. The circular geometry of the paddles
in the tank can lead to curved reflections, and paddle absorption effectiveness decreases for
waves below 1 Hz (S. T. Draycott, 2017a). FloWave typically reaches a quiescent state after a
period of around one to five minutes, during which reflections decrease sufficiently. However,
the presence of a current can significantly alter the time it takes for reflections to dissipate
significantly (Noble, 2018).

Consequently, this indicates that the presence of a current in the tank, as observed during
experiments, can impact the dissipation of reflections (see Section 7.5). Depending on the
direction of the current, it can either prolong or expedite the settling time of the tank. Therefore,
ensuring calm water and precise repositioning of the model are necessary steps to overcome
potential disturbances caused by reflections and currents during experiments.
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Figure 7.4: Time history of mooring dynamics under current loading at a speed (U,) of 0.8 m/s. Validation of measurements against numerical
simulations for tension at the fairleads of three mooring lines: A, B and C.
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Table 7.1: Statistical comparison of mooring loads at fiarleads under currents of a speed of
0.8 m/s propagating from 0°.

Mooring Modelling Fairlead load, (kN)
line approach Min Mean Max StdDev
. Experiment 859.54 905.19 978.07 17.37
Line A Numerical 928.59 928.59 928.59 8.03x107°
. Experiment 1286.64 1328.27 1375.38 16.41
Line B Numerical 1328.61 1328.61 1328.61 9.14x107°
. Experiment 1363.60 1415.72 1549.13 14.24
Line C Numerical 1328.61 1328.61 1328.61 1.41x10~*

In addition to the previous discussion regarding the discrepancy between the numerical and
experimental mooring loads, statistical analyses of the mooring loads at the fairleads under
different current loading conditions are presented in Table 7.1. This table summarises the
minimum, mean, maximum, and standard deviation (StDev) values of the mooring forces for
lines A, B, and C under a current speed of 0.8 m/s propagating from 0°.

From Table 7.1, it can be seen that the OrcaFlex results for line A show a constant load of
928.59 kN, while the experimental mean is slightly lower at 905.19 kN, with higher variability
in the experiment (i.e. StDev of 17.37 kN). Similarly, for line B, the numerical and experimental
mean loads are closely aligned (1328.61 kN vs. 1328.27 kN), though the FloWave data show
higher fluctuations (e.g. StDev values ranging from 14.24 to 17.37 kN).

In the case of line C, the discrepancy noted in the discussion of Figure 7.4 is further reflected
in Table 7.1. The experimental mean load is 1415.72 kN, while the numerical prediction is
lower at 1328.61 kN. This difference can be attributed to excessive pretension and potential
tank reflections. The higher experimental maximum and StDev values reinforce the greater
variability observed in real-world tests compared to the stable numerical results. These results
underscore the importance of addressing potential sources of experimental discrepancy, such
as model misalignment and wave reflections, to improve the accuracy and reliability of future
tests (Gabl et al., 2021).

7.4.1.2 Motion Dynamics

Motion dynamics of the system under current conditions are examined. Figures 7.5 and 7.6
present the time histories of translational and rotational motion responses, respectively. The
numerical predictions closely align with the measured responses, particularly concerning
surge and heave motions. This indicates a high level of agreement between the simulated and
experimental data, suggesting the numerical model accurately captures the system’s dynamic
behaviour under current loading.
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However, some fluctuations are observed in the sway motion, with the measured response
slightly deviating from the numerically predicted. This discrepancy could be attributed to
experimental uncertainties or complexities not fully captured by the numerical model.
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Figure 7.5: Time history of translational motion responses under pure current at a speed
(U.) of 0.8 m/s. Validation of measurements against numerical simulations for motion
displacements in the surge, sway, and heave DoFs.

Additionally, the rotational and sway motion responses exhibit relatively low fluctuations, fur-
ther corroborating the consistency between numerical predictions and experimental obser-
vations. This consistency signifies the robustness of the numerical model in simulating the
complex interactions between the floating platform, mooring, and environmental loads.

Further to the time history analysis presented in Figures 7.5 and 7.6, statistical comparisons of
the platform’s motion responses across six DoFs under a pure current of 0.8 m/s are provided
in Table 7.2 to shed light on the observed consistencies.
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Figure 7.6: Time history of rotational motion responses under pure current of a speed (U,) of
0.8 m/s. Validation of measurements against numerical simulations for motion displacements
in the roll, pitch and yaw DoFs.

For translational motion responses (i.e. surge, sway, and heave), the OrcaFlex predictions
closely align with experimental results in terms of mean values, particularly for surge and
heave, with minimal discrepancies. However, the sway motion shows notable differences
between the experimental and numerical models, with the FloWave data exhibiting higher
variability (i.e. StDev of 1.22x10~! m) compared to the numerical results. As further evident
in Figure 7.5, such inconsistency indicates that the sway motion is more sensitive to experi-
mental uncertainties or effects not fully captured by the numerical model.

For rotational motion responses (i.e. roll, pitch, and yaw), the numerical model also demon-
strates strong agreement with experimental data, particularly the mean values, with minimal
fluctuations observed in both roll and pitch. Though yaw shows relatively larger discrepancies
in the tank results (StDev of 1.22x10~!°), further emphasising the complexity of rotational
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dynamics under current loading. Thus, the statistical data reinforces the accuracy of the
numerical model in predicting platform motion, although certain discrepancies, particularly in
sway and yaw, highlight areas where experimental uncertainties or model refinements could
improve precision.

Table 7.2: Statistical comparison of platform motion responses in six DoFs (translational and
rotational) under currents of a speed of 0.8 m/s propagating from 0°.

Motion DoF Modelling Platform response
(response: m, °) approach Mean Max StdDev
Experiment 2.01x1071° 5.65x1072 2.48x1072
Surge (m) ) 6 6 6
Numerical 1.12x10 4.58x10 1.48x10
Experiment -2.40x 1072 1.73x107! 1.22x107!
Sway (m) . 4 4 4
Numerical -2.34x%10 1.76x10 2.00x10
Experiment 1.36x 1074 9.67x1073 2.97x1073
Heave (m) . 7 6 7
Numerical 6.8x10 2.78x10 8.97x10
Experiment -9.17x1073 1.59x 107! 6.70x 1072
Roll (°) i 5 P 5
Numerical 9.01x10 1.55x10 5.25x10
. Experiment -9.23x107? 2.27x107! 8.64x1072
Pitch (°) . 9 6 6
Numerical 8.99x10 3.66x10 1.18x10
Experiment -2.40x1072 1.73x107! 1.22%x107!
Yaw (°) . _7 _s s
Numerical 7.90x10 5.30x 10 2.37x10

Overall, the close agreements between numerical and experimental results shown in Fig-
ures 7.5and 7.6, and Table 7.2 demonstrate the reliability of the developed model in accurately
predicting the motion and mooring dynamics of the W2Power FOWT system under current
conditions.

7.4.2 Dynamic Responses under Waves
7.4.2.1 Response Due to Regular Waves

Numerical simulations were performed to examine the system’s dynamics under regular wave
conditions defined in Table 4.5. These simulations are then compared with tank measure-
ments. Figure 7.7 displays the time histories of mooring loads for load case 1 (LC1), charac-
terised by a wave height of 4.63 m and a period of 20 s. Note that the waves propagate from
the direction of the current, resulting in varied responses in mooring loads across the lines.
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Figure 7.7 reveals a distinctive pattern wherein the leeward mooring line (line A) experiences a
slightly lower mean load compared to the windward lines (lines B and C) due to the platform’s
drift that induced by the waves towards the positive surge. This drift effect leads to subtle
differences in mooring loads among the lines. The differences in mean loads among mooring
lines A, B, and C can be influenced not only by the platform drift induced by waves but also
by variations in pretensions resulting from the mooring configuration.

The pretensioning plays a key role in establishing initial tensions in the mooring lines to coun-
teract environmental loads. Mooring lines with higher pretensions are likely to exhibit slightly
higher mean loads compared to lines with lower pretensions under similar environmental
conditions. Therefore, both the platform drift effect induced by waves and variations in mooring
line pretensions due to the configuration contribute to the observed differences in mean loads
among lines A, B, and C, depicted in Figure 7.7.

In general, a notable level of agreement is observed between the numerical predictions and
experimental findings that are presented in Figure 7.7. However, the measured load slightly
exceeds the predicted load, potentially due to the linear wave model utilised in OrcaFlex
for generating regular waves. Additionally, there is a consistent period difference, with the
numerical predictions showing greater periods than the experimental measurements for all
three mooring lines.

These period differences become more pronounced from 700 s onwards in Figure 7.7. This
discrepancy in periods is likely attributed to the damping value adopted in the numerical simu-
lation, influencing the dynamic behaviour of the mooring lines. Thereby, adjusting the damping
value to better match the experimental conditions can improve the agreement between numer-
ical predictions and experimental findings, particularly in scenarios with noted load prediction
discrepancies (Hall et al., 2014).

In addition to the time history analysis shown in Figure 7.7, statistical comparisons of mooring
load dynamics under regular waves (LC1) are summarised in Table 7.3. These waves have a
height of 4.63 m and a period of 20 s and propagate at 0°. The statistical findings reveal that
line A exhibits the largest load variability, with the highest standard deviation of 221.81 kN in
the experiment. This is likely due to the platform’s drift induced by these following waves and
pretension variations in the mooring lines.

Some discrepancies between measured and simulated loads are also seen, especially in
line A. Such observations suggest that further improvements for the numerical model are
needed, particularly regarding damping values and the linear wave model used. Despite this,
the overall trends demonstrate good agreement between OrcaFlex predictions and FloWave
experiments. The slightly higher inconsistency in experimental data may stem from the large
range of data points captured during testing, reflecting the inherent complexities of structure-
wave interaction.
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Table 7.3: Statistical comparison of mooring loads at fiarleads under regular waves (LC1) of
a high of 4.63 m and a period of 20 s; waves are following and propagating at 0°.

Mooring Modelling Fairlead load, (kN)

line approach Min Mean Max StdDev
. Experiment 814.47 1132.97 1518.02 221.81

Line A Numerical 937.01 1168.22 1439.06 181.09
. Experiment 1087.34 1295.72 1476.80 93.79

Line B Numerical 1129.44 1217.39 1359.38 91.72
. Experiment 1081.92 1273.81 1475.25 102.50

Line C Numerical 1099.73 1218.08 1344.96 86.43

7.4.2.2 Response Due to Irregular Waves

Comparisons between experimental and numerical results for the load case A of irregular
waves, as defined in Table 4.6, are presented in Figures 7.8 and 7.9. Three scenarios of
wave propagation are examined: following waves (from 0°), crossing waves (from 90°), and
opposing waves (from 180°). Figure 7.8 illustrates the power spectral density of fairlead
tension for mooring line A, while Figure 7.9 depicts the similar for lines B and C.

Generally, when waves strike the platform from 0° and 180°, mooring line A experiences
higher loads compared to crossing waves. Waves from 0° exhibit slightly higher loads than
those from 180°, demonstrating the impact of wave-structure interaction scenarios. This dis-
parity is due to line A being aligned with the wave direction propagating from 0° and 180°,
resulting in increased tension. This, in turn, highlights the importance of mooring system con-
figuration in influencing system dynamics (Huo et al., 2023). Conversely, mooring lines B and
C exhibit different behaviours, with higher PSDs observed under crossing wave conditions,
while following and opposing waves result in slightly lower loads on these lines.

Under crossing waves, lower PSDs are seen in line A ( Figure 7.8), while higher PSDs are
observed in lines B and C (Figure 7.9). These lower and higher PSDs due to crossing waves
are attributed to the oblique impact angle of the crossing waves. When waves hit the platform
at an oblique angle, the total wave force on a mooring line is distributed into components
based on the angle relative to the primary orientation of that line: a component parallel to
the line and a component perpendicular to it. The oblique impact angle leads to a distribution
of wave energy across mooring lines. The components of the wave force are spread out,
affecting the concentration of energy and thus altering the peak loads and dynamic responses
on any single mooring line (Xiao et al., 2014; Z. Liu et al., 2019; S. Draycott et al., 2021).
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validation of measurements against numerical simulations for tension PSDs at the fairlead of mooring line A considering different propagation
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For line A, the oblique impact induced by these crossing waves lowered its peak tension and
dynamic response. Meanwhile, the oblique impact causes lines B and C to experience more
dynamic interactions and, thus, higher PSDs under crossing wave conditions. In contrast,
the aligned waves from 0° and 180° produce more uniform tension distribution across all
lines, leading to lower loads on lines B and C. These observations highlight the importance of
wave directionality in influencing mooring dynamics and system stability (M. Yang et al., 2012;
Y. Zhao et al., 2019) Therefore, understanding how oblique waves affect mooring response is
essential for optimising mooring design and ensuring safe operation in varying environmental
conditions.

Overall, the comparisons between measured and numerically predicted PSDs generally show
agreement, with similarities in the shape of power spectra at peak frequencies. Additionally,
shifts in peak frequencies between measured and predicted PSDs highlight the nonlinear
stiffness of the mooring system. These differences indicate that the dynamic phenomena
influencing catenary chain moorings are captured in the designed mooring model (Hall &
Goupee, 2015).

However, discrepancies are noted, with smaller PSDs observed in experiments for mooring
line A compared to OrcaFlex predictions, while lines B and C show higher OrcaFlex predictions
than tank measurements. These discrepancies are attributed to the nonlinear nature of the
mooring system, particularly under stochastic wave conditions (W. Chen et al., 2021). The
non-elastic characteristics of the mooring system could also influence such behaviours. Some
modern mooring systems do not use traditional steel chains; instead, they employ materials
like polyester or nylon, which can exhibit different dynamic responses. In this work, OrcaFlex
utilises FEM models to simulate the chain mooring lines (see Section 6.6).

Moreover, scaling effects could play a role in such differences, as the experimental setup
involves scaled-down subsystems that may not fully capture the complexities of full-scale
dynamics (Froude, 1868; De Graaff & Eaton, 2000). These findings align with the findings
of W. Chen et al. (2021), highlighting the effects of mooring line hysteresis on the dynamic
response of FOWTs. Thus, further investigations into both nonlinearities and scaling factors
are needed to better understand the reasons behind these discrepancies.

Delving deeper into the complete PSD profile and frequency characteristics of the dynamic
responses under irregular wave conditions reveals additional insights. The frequency shifts
observed in the PSDs, with experimental peak frequencies being slightly lower than those pre-
dicted by OrcaFlex, suggest the influence of mooring system hysteresis and other nonlinear
dynamic effects (W. Chen et al., 2021). These shifts indicate that while the numerical model
captures the primary dynamics, certain aspects, such as damping and energy dissipation,
require further refinement. The full PSD analysis, not just the peak amplitudes, is crucial in
understanding the overall system behaviour and ensuring accurate predictions under varying
wave conditions.
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7.5 Validations in Combined Wave-Current Environments

Rigorous validations were undertaken to examine dynamic responses under combined wave-
current environments. These involved comparing experimental data with numerical simula-
tions, including considerations for wave-current interaction models developed in Section 6.3.
These WCI models and their implementation in the dynamics of FOWTs for the first time are
validated against experiments. Figures 7.10 and 7.11 illustrate the validation of these WCI
models against FloWave experiments presented in Chapter 4. Subsequently, the implications
of wave-current interaction on the structural responses of the W2Power FOWT are validated
and shown in Figure 7.12.

7.5.1 Validation of Wave-Current Interaction Models
7.5.1.1 Regular Wave-Current Interaction Model

In assessing the regular wave-current interaction model (Figure 7.10), the time series are
compared for measured and predicted free surface wave elevations for a regular wave case
(LC1) of a height of 4.63 m and a period of 20 s (see Table 4.5).

Generally, subplots of Figure 7.10 demonstrate how current influences wave profile. Notably,
when the current follows the waves, an apparent reduction in wave elevation amplitude is
observed, leading to a shallower wave profile (top subplot). Conversely, when the current
opposes the waves, it intensifies the energy of the wave profile, which is evident in a steeper
wave profile (bottom subplot).

The quality of the generated current in the tank is ensured by precise control of the impellers
and turning vanes, as demonstrated by the FloWave basin’s design (Robinson et al., 2015a),
which ensures a developed flow profile with low turbulence, as validated in Section 7.4.1.
Moreover, the measured wave profile closely aligns with the predictions of the regular WCI
model. Particularly, when a following current interacts with waves, the results exhibit near
identicality.

However, in cases where waves oppose the current, the WCI model slightly underpredicts the
wave elevation, as shown by the measured elevation being slightly higher than the predicted
one. Potential sources of error in wave probe measurements, such as gauge bending or run-
up due to current, could slightly affect accuracy. However, the small deflection angle makes
these effects minimal (S. T. Draycott, 2017b; Noble, 2018). These discrepancies are likely
attributed to the capabilities of the current WCI models in capturing full nonlinear effects, as
they are based on the Airy wave theory (Thomas, 1981; Z. Liu et al., 2016). Additionally, the
presence of current induces frequency shifts due to the modified wave number.
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Figure 7.10: Effects of current of U, = 0.8 m/s on free surface elevations (1) of regular waves
with H = 4.683 m and T = 20 s. Showing the validation of measured wave profiles against
numerically simulated profiles with and without considering wave-current interaction. Two WCl
scenarios: (top) waves follow the current, and (bottom) waves oppose the current.

7.5.1.2 Stochastic Wave-Current Interaction Model

For the validation of the stochastic WCI model, Figure 7.11 presents a comparison between
measured and numerically predicted wave spectra of irregular wave case A of Hg of 4.63 m
and Tp of 16.4 s (see Table 4.6).

The influence of current on wave profiles is evident, with the following waves (from 0°) inter-
acting with the current (from 0°), resulting in a reduced and less steep spectrum. Conversely,
opposing waves (from 180°) interacting with the current lead to an increased and steeper
spectrum.

Overall, there is good agreement between the measured and predicted spectra, particularly
when the current follows the waves. However, discrepancies are observed when waves op-
pose the current. This is attributed to the nonlinear effects at the free surface that the current
model can not fully capture. Moreover, frequency shifts occur due to the current-altered wave
number.
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7.5.2 Validation of WCI Implications for Dynamic Responses

To validate the impact of wave-current interaction on the dynamic responses of FOWTs,
response amplitude operators (RAOs) were analysed. Although the time-series motions for
all the tested and simulated load cases are not included here to avoid the repetition of fig-
ures, RAOs offer a comprehensive representation of the hydrodynamic characteristics of the
W2Power FOWT.

Consequently, RAOs were derived from both experimental and simulation data, capturing
platform motion across different DoFs. The RAOs are calculated using the following equation:

A(f)
Awave (f)

where A denotes the amplitude of the motion excited by a wave of amplitude Ayave and

RAO(f) = (7.1)

frequency f.

7.5.2.1 Implications Due to Regular WCI

For the regular wave-current model, the RAOs of FloWave measurements and numerical
simulations, both with and without considering WCI, correspond to different wave periods for
a wave height of 3.85 m, which are derived by the above equation, Equation (7.1), presented
in Figure 7.12. Specifically, these correspond to load cases LC6-LC10, as listed in Table 4.5.
Figure 7.12 compares the RAOs for surge, heave, and pitch DoFs under current interaction
with following and opposing waves.

Generally, the RAO magnitudes across the surge, heave, and pitch DoFs were comparatively
lower when the current interacted with following waves than when it interacted with opposing
waves. These results align with the patterns found in the current-modified elevation of the free
surface wave (Jonsson, 1990; J. Smith, 1997) (see Figure 7.10).

Surge RAOs exhibit a clear decrease with increasing frequency, with the highest values
observed at the lowest frequency of 0.05 Hz and the lowest at the highest frequency of 0.25
Hz. Similarly, this trend is observed in pitch responses, with maximum values occurring at
a frequency of 0.083 Hz (T = 12 s). However, the maximum value for heave response was
observed at a frequency of 0.083 Hz when waves follow the current and at 0.05 Hz when
waves oppose the current.
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Figure 7.12: Motion RAOs under a current of U, = 0.8 m/s of and regular waves of H =
3.85 m and different periods. Showing the validation of measured RAOs against numerically
simulated ones (with and without WCI) in different DoFs: (a-b) surge, (c-d) heave, and (e-f)
pitch. Waves follow (left panels) and oppose the current (right panels).
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From Figure 7.12, comparisons of RAOs revealed that when waves follow (hit the platform’s
bow) the current, they lead to higher normalised response amplitude in surge, heave, and
pitch than when waves oppose the current. This behaviour was attributed to the different wave-
structure and wave-current interactions. Note that the direction of the current is constant, and it
is hitting the platform from the bow side (column B); refer to Figures 4.3 and 6.2. These com-
bined interaction effects potentially resulted in these discrepancies and thus demonstrated
that it is crucial to consider WCI in the numerical simulations of FOWTs to accurately assess
their dynamic performance (H. Zhang et al., 2022).

Furthermore, the comparison of numerically predicted RAOs with and without WCI against
the measured ones indicated that the numerical simulations with the incorporation of WCI
agreed relatively well with experimental RAOs, while those without the inclusion of WCI did
not. As can be seen from Figure 7.12, the absence of WCI in numerical modelling led to
overestimating motion responses when waves followed the current (left subplots: a, ¢ and e).
Conversely, despite variations in wave-structure interactions, underpredictions were observed
when waves opposed the current (right subplots: b, d and f).

In order to assess the accuracy of the developed models, relative errors are further investig-
ated to provide confidence in the numerical predictions. The percentage of the relative error
is calculated as:

Relative error (%) = <XEX"_XN“"“> x 100 (7.2)
XNum

where Xgyp represents the experimental (measured) value, and Xyym is the numerically pre-

dicted value, which is predicted with and without considering the WCI. Subsequently, for

the surge, heave, and pitch motion responses shown in Figure 7.12, the relative errors are

calculated and provided in Tables 7.4 to 7.6.

The analysis revealed that the relative errors of the numerical predicted motion response
with consideration of WCI were lower than those when WCI was not incorporated in the
simulations. Thus, this indicates the capability of WCI models to predict accurate responses
that closely align with the measured ones. Notably, small relative errors were observed at low
frequencies, which are attributed to the low energy in the wave at the specified periods.

Consequently, the inclusion of WCI did not significantly impact the relative errors at low
frequencies, demonstrating good agreement between the WCI models and the tank measure-
ments compared to the predictions when WCI was not included. At low frequencies, the wave
energy is insufficient to induce significant interaction effects, leading to minimal discrepancies
between the two models.
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Table 7.4: Relative error percentages of numerically predicted surge motion RAOs with and
without consideration of wave-current interaction in regular seas.

Relative error [%] Relative error [%]

Frequency [Hz] (Waves follow current) (Waves oppose current)
(Period [s]) Numerical Nur.nerical Numerical Nur.nerical

(No WCI) (With WCI) (No WCI) (With WCI)
0.25 (4) 4.65 4.02 -75.58 -38.25
0.13 (8) 12.99 5.33 -18.33 -12.76
0.08 (12) 23.01 7.72 -18.46 -6.60
0.06 (16) 14.44 6.97 -22.61 -8.65
0.05 (20) 14.17 4.72 -30.84 -13.09

Table 7.5: Relative error percentages of numerically predicted heave motion RAOs with and
without consideration of wave-current interaction in regular seas.

Relative error [%] Relative error [%]
Frequency [Hz] (Waves follow current) (Waves oppose current)
(Period [s]) Numerical Numerical Numerical NuTnericaI
(No WCI) (With WCI) (No WCI) (With WCI)

0.25 (4) 13.45 4.22 -75.65 -31.94
0.13 (8) 39.54 24.62 -51.87 -21.73
0.08 (12) 16.27 7.00 -27.23 -8.29
0.06 (16) 32.75 12.45 -37.72 -11.26
0.05 (20) 22.05 11.76 -51.45 -11.63

Table 7.6: Relative error percentages of numerically predicted pitch motion RAOs with and
without consideration of wave-current interaction in regular seas.

Relative error [%)] Relative error [%)]

Frequency [Hz] (Waves follow current) (Waves oppose current)
(Period [s]) Numerical Nur_’nerical Numerical Nur_’nerical

(No WCI) (With WCI) (No WCI) (With WCI)
0.25 (4) 8.16 4.26 -67.48 -30.90
0.13 (8) 15.67 5.90 712 -3.84
0.08 (12) 16.45 6.00 -19.25 -9.70
0.06 (16) 15.83 4.16 -34.30 -9.39
0.05 (20) 17.55 4.80 -66.18 -18.50

The low energy at these frequencies suggests reduced cyclic loading on the mooring lines
and tower, potentially lowering fatigue loads and extending the components’ fatigue life under
these conditions. Note that the frequencies provided in Tables 7.4 to 7.6 refer to the wave
periods of corresponding load cases in regular seas, specifically LC6-LC10 from Table 4.5.
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For instance, when waves follow the current, the relative error at a frequency of 0.083 Hz for
the surge motion was found to be 7.72% when WCI was included, whereas it was 23.015%
(maximum) when WCI was not considered. On the contrary, when waves oppose the current,
the inclusion of WClI led to a relative error of -6.595% with respect to the FloWave experiments,
while the non-inclusion of WCI resulted in a relative error of -18.45%.

The increase in relative errors observed around a period of 12 s can be attributed to higher
wave energy, which enhances the effects of wave-current interaction, leading to greater dis-
crepancies. As the frequency decreases further, the impact of WCI diminishes again, resulting
in smaller differences. The negative sign denotes the underprediction of the numerical models
compared to the measured values.

7.5.2.2 Implications Due to Irregular WCI

In the context of the irregular wave-current model, the RAOs obtained from the tank measure-
ments and numerical simulations, both with and without consideration of WCI, are examined
for an irregular load case (A) characterised by a significant wave height of 4.63 m and a
peak wave period of 16.4 s (see Table 4.6). Likewise, employing Equation (7.1), the RAOs
are derived for surge, heave, and pitch DoFs. Subsequently, the results are presented in
Figure 7.13 for the three motion RAOs under current interaction with the following (left-side
subplots) and opposing waves (right-side subplots).

From Figure 7.13, it can be observed that when the current interacted with the following waves,
lower RAO responses are evident across the surge, heave, and pitch DoFs compared to
those when the current interacted with the opposing ones. These observations are consistent
with the trends observed in Figure 7.11 for the current-altered wave spectra (Jonsson, 1990;
J. Smith, 1997).

Furthermore, comparisons between experimental data and numerical simulations reveal that
the RAOs predicted with consideration of WCI align well with tank measurements, while
relative agreements are observed when WCI is not incorporated. Notably, the inclusion of
WCI in the numerical simulations accurately predicts the system dynamics at low and peak
frequencies, as demonstrated by the agreement of these predictions with measured RAOs.
While these findings are specific to load cases LC6-LC10 (Table 4.5), they suggest potential
generalisability to similar load cases due to the consistent alignment of predictions with ex-
perimental data. However, further validation across a broader range of conditions is needed
to confirm the generalisability and applicability of the findings beyond the specific load cases
investigated.
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Figure 7.13: Motion RAOs under a current of U. = 0.8 m/s of and irregular waves of Hg = 4.63
m and 7p = 16.4 s. Showing the validation of measured RAOs against numerically simulated
ones (with and without WCI) in different DoFs: (a-b) surge, (c-d) heave, and (e-f) pitch. Waves
follow (left panels) and oppose the current (right panels).
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Conversely, the absence of WCI in the numerical simulation led to an overestimation of RAOs
when waves follow the current, and underpredictions are observed when waves oppose the
current. These observations align with expectations and the results shown in Figure 7.11, as
the changes in wave height and wavelength induced by the current affect the hydrodynamic
loading on the structure. Quantitatively, the inclusion of WCI was found to decrease the peak
RAOs of surge by up to 15%, heave by up to 11.5%, and pitch by up to 5% when waves follow
the current. On the other hand, when waves counter the current, the incorporation of WCI
increased the RAOs of surge by up to 6.4%, heave by up to 17.2%, and pitch by up to 13.5%.

However, inconsistencies in the increase and decrease percentages of the same motion DoF
are detected. These inconsistencies are primarily attributed to the nonlinearities of the wave-
current interaction and are further compounded by the effects of different wave-structure inter-
actions (Z. Liu et al., 2016). Meanwhile, for the same wave-structure interaction, consistencies
between the increment and decrement percentages are observed and discussed earlier in
Chapter 8 (i.e. refer to Sections 8.3 and 8.4). This discovery, in turn, emphasises the significant
impact of wave-structure interactions on the dynamic response of FOWTs in the presence of
current, hence highlighting the need for further investigation (R. Zhao & Faltinsen, 1989).

Moreover, frequency shifts are observed at peaks, as depicted in Figure 7.13. Despite the
different structure-wave-current interactions, the current was seen to decrease the frequency
when it interacted with following waves, and it increased the frequency when waves opposed
its direction (Peregrine, 1976).

These frequency alterations are evident at the peaks of the spectra and are attributed to the
modified wave number in the presence of current. For instance, for heave responses, when
the current interacts with following waves, it decreases the peak frequency by up to 14.3%,
whereas when the current interacts with opposing waves, it increases the peak frequency by
up to 8%.

Overall, these findings underscore the implications of wave-current interaction on the dynamic
responses of FOWTSs, emphasising the need for comprehensive understanding and consider-
ation of these interactions in numerical simulations and experimental studies (L. Chen & Basu,
2019). This highlights the importance of incorporating wave-current interaction in numerical
simulations, as it influences the accuracy of predicted responses for FOWTs. Moreover, the
results underline the effectiveness of WCI models in capturing the dynamic behaviour of
FOWTs, particularly in scenarios where waves follow or oppose the current.



7.6. Chapter Summary 164

7.6 Chapter Summary

This chapter presented a comprehensive validation of the numerical models developed in
Chapter 6 through comparisons with the measurements established in Part |l. Across vari-
ous metrics, the numerical simulations largely achieved validation against experimental data,
demonstrating the robustness of the developed models.

Section 7.3 focused on evaluating the system responses of the W2Power FOWT in calm water.
Validations were conducted for free-decay tests without mooring lines and pull-out tests with
mooring lines attached, showing consistent agreement between measured and numerically
predicted responses.

In Section 7.4, dynamic responses of the fully-coupled model of floater-mooring-towers-nacelles-
turbines were assessed in pure current and pure wave environments. Section 7.5 extended
this evaluation to combined wave-current environments, emphasising the importance of in-
cluding wave-current interaction in FOWT simulations. Furthermore, the inclusion of wave-
current interaction was found to influence the dynamic responses of the FOWT. For example,
reductions in the motion RAOs were observed when waves followed the current and increased
when waves counteracted the current.

The results demonstrated a high level of consistency between numerical simulations and
FloWave data, indicating that the hydrodynamic characteristics were accurately reproduced
by the experimental model. Moreover, the reliability of the WCI models in predicting system
responses under both regular and random waves was affirmed.

On the other hand, some discrepancies between the numerical predictions and measure-
ments were observed. Consequently, potential attributes for these disparities, such as ex-
cessive pretension on mooring lines and assumed drag coefficients, as well as technical
uncertainties during testing (e.g. human errors), were explored to provide insights for future
research.

After rigorously validating the developed models, the next chapter, Chapter 8, delves into
further numerical investigations that consider different scenarios of structure-wave-current
interaction.



Chapter 8

Numerical Modelling of FOWTs:
Further Results and Discussion

8.1 Introduction

Chapter 6 provided the methodological and conceptual analyses required for comprehensive
numerical modelling to investigate the implications of wave-current interaction on the struc-
tural responses of FOWTs. The preceding chapter, Chapter 7, detailed the validation of both
experimental and numerical models, establishing the reliability and accuracy of the developed
numerical models. Building upon these foundations, this chapter (Chapter 8) presents the
findings regarding the implications of wave-current interaction on the mooring and platform
motion responses of MUFOWTSs and their mooring systems.

It presents and discusses the results from Chapter 6 to shed light on the effects of wave-
current interaction on the dynamic responses of the W2Power platform motions and SPM
system, quantitatively assessing such implications to accomplish the main aims and object-
ives of this work defined in Section 1.7. The chapter further analyses the presence of current
and its interaction with waves on the dynamic response of nacelles.

8.2 Current Effects on Wave Fields

Wave-current interaction models established in Section 6.3 are employed to investigate the
influence of current on regular and irregular waves. Two current velocities are considered: 0.3
and 0.8 m/s, and these, respectively, reflect the average and maximum current speeds at the
Canary-I reference site (see Figure 4.9 and Table 4.7).

For regular waves and utilising Equations (6.8) and (6.29), current alters both the mean value
and the amplitude of the wave free-surface elevation (1), whether the current is following or
opposing, as shown in Figure 8.1.

165
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For clarity, the following current refers to a flow with a velocity in the same direction as
wave propagation. In contrast, an opposing current propagates in the opposite direction as
the waves, resulting in a negative velocity. Furthermore, frequency shifts were observed, as
evident at the peaks of both the crests and troughs of the wave.

—== U= -0.8 m/s
----- Ues = -0.3 m/s
44 —— U:=0.0m/s
----- Uc= 0.3 m/s 1.0
——= U= 0.8 m/s

1 ] P T T
118 119 120 121

Surface elevation n (0, t), (m)

1é1 1é2 1é3 1é4
100 110 120 130 140 150
Time, (s)

Figure 8.1: Current effect on the free surface elevation, 11(0,1), for a regular wave of H = 3.85
mand7 =6.2s

Equations (6.32) and (6.35) are executed to generate the energy spectrum for stochastic
waves with a JONSWAP spectrum of ¥ =1, which reduces to the Pierson-Moskowitz (PM)
spectrum (Pierson Jr & Moskowitz, 1964). In turn, the spectra are obtained for four different
current velocities and shown in Figure 8.2.

From Figure 8.2, it can be seen that the presence of current significantly modifies the peak
value of the wave spectra. For opposing currents of speeds of —0.3 and —0.8 m/s, the peak
spectrum increases by 5 and 14.2 percentage points, respectively, while it decreases by 5 and
11.2 percentage points when the currents are following. The peak frequency is also shifted,
as observed in the inset plots. Increasing the absolute value of the current speed results in a
more significant alteration of the peak value and changes the shape of the wave spectrum.
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Figure 8.2: Current effect on an irregular wave profile represented by a reduced JONSWAP
(PM) spectrum of Hy = 4.63 mand 7, = 16.4 s.

Furthermore, for opposite currents, the high-frequency tails of the spectra are adjusted using
Equation (6.35) with a Phillip’s constant, A*, of 0.015 (Phillips, 1977). This adjustment en-
sures that the wave spectra are truncated beyond a specified cutoff frequency. Accordingly,
the current-altered wave spectra are truncated beyond the cutoff frequency, and the cutoff
frequency (i.e. cutoff = 0.244 Hz, 1.532 rad/s) is chosen to be four times the peak spectral
frequency (i.e. peak = 0.061 Hz, 0.383 rad/s ) (J. M. Jonkman, 2007). This approach optim-
ises computational efficiency by focusing simulations on frequencies most relevant to wave
dynamics while maintaining accuracy in representing wave energy dissipation.

Moreover, the increase in energy observed for opposing currents or the reduction for following
currents is due to the redistribution of wave energy across different frequency bands. In
opposing currents, energy is shifted toward lower frequencies, increasing the peak energy,
while high-frequency components are reduced (see Figure 8.2). Conversely, in following cur-
rents, energy shifts toward the high-frequency range, leading to a decrease in peak energy,
consistent with the overall energy conservation principle (J. Smith, 1997).
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The findings depicted in Figures 8.1 and 8.2 shed light on the fundamental physics of wave-
current interaction in extreme and operational conditions at the reference site, Canary-| of
Gran Canaria. These results serve as a foundation for understanding the dynamic responses
of the W2Power FOWT. Therefore, the following sections demonstrate the implications of
these findings on the dynamic responses of the W2Power FOWT.

8.3 WCI Implications for Motion Dynamic Responses

The motion responses of the W2Power FOWT under the influence of wave-current interaction
have been investigated. The simulation results for the floating system’s motion responses
under extreme and operational conditions of regular and irregular waves interacting with a
uniform current are analysed. The presence of the current induces offsets in the FOWT’s
structural responses and alters the system’s equilibrium position; thereby, the current influ-
ences both the static and dynamic responses (L. Chen & Basu, 2018).

In order to account for the current effect when simulating WCI load cases in OrcaFlex, the
platform was first subjected to a pure current until it reached its static position. Subsequently,
this new current-induced static position was then implemented into OrcaFlex simulations that
include WCI. During these simulations, the floater object’s DoFs were deliberately deselected.
This procedure ensured that the current-modified wave profile, modelled using the Python
external function in Section 6.8.3, was appropriately imported into OrcaFlex, and the current
effect on the platform’s static analysis was accurately incorporated.

The simulations in this study were run for 3800 s, with 200 s allocated for wave build-up
and transient effect elimination. This is done to allow for a comprehensive analysis of each
load case over a one-hour (3600 seconds) simulation period, which is deemed adequate for
identifying characteristics of the system dynamics (A. C. Pillai et al., 2019; Shittu et al., 2020).

Figures 8.3 and 8.4 illustrate the effect of wave-current interaction on the translational and
rotational motion responses of the platform, respectively. Focusing on the dynamic behaviour
of the motion responses, surge and heave DoFs being the most affected, while the pitch was
moderately impacted, and the rest were less influenced.
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Notably, a following current reduces the motion response, whereas an opposing current en-
hances it. Slight frequency shifts are also observed as a result of the current-altered wave
spectrum (Janssen, 1989; J. Smith, 1997).

Despite the considered wind conditions depicted in Figure 6.7.d, there were slight changes
in the mean values of surge, heave and pitch due to this interaction with a current speed of
0.3 m/s. Hypothetically, the interaction’s effect should be more pronounced in the absence
of wind, which is demonstrated in Figure 8.5 for an extreme case of a current speed of 0.8
m/s. As can be seen, the mean values of the surge and heave decrease in the presence of
the following current and increase with the opposing current due to the current drag force.
Moreover, the relative maximum and minimum values are amplified by the opposing current,
whereas the following current attenuates them.
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Figure 8.5: Statistical distributions of surge, heave and pitch motion responses for irregular
waves considering wave-current interaction: (left) load case, LC5, with a following current;
(right) load case, LC6, with an opposing current.

For statistical analyses, the mean, maximum, and standard deviation of the surge, heave, and
pitch motion responses are provided in Table 8.1. It can be seen that an opposing current
increases the mean values of the three motion responses while a following current decreases
them. In the absence of wind, the opposing current can increase the maximum surge and
heave responses by up to 40% when interacting with regular waves (i.e. LC2 and LC4).
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Table 8.1: Statistical comparison of FOWT motion responses considering wave-current

interaction.
t::: C;z';':ld Surge (m) Heave (m) Pitch (°)
No. Novsg:th) Mean Max StdDev Mean Max StdDev Mean Max StdDev
LCT No WCI 0.404 2.139 1.231 0.065 1.068 0.910 0.084 0.910 0.583
With WCI  0.229 3.612 2.347 0.037 3.725 2.520 0.036 0.885 0.591
LC2 No WCI 0.043 2.978 1.289 0.097 1.312 0.741 0.008 0.963 0.435
With WCI  0.072 3.606 2.544 0.050 4.792 3.371 0.031 0.512 0.333
LC3 No WCI 1.529 2.076 0.381 0.069 0.320 0.172 0.096 0.526 0.298
With WCI  0.155 2.952 1.953 0.024 3.200 2.126 0.023 0.709 0.472
Lca No WCI 0.720 1.093 0.435 0.123 0.688 0.240 0.031 0.799 0.180
With WCI  0.129 5.070 2.174 0.097 4.406 2.815 0.006 0.956 0.400
LC5 No WCI 0.385 3.481 0.873 0.045 1.743 0.519 0.057 1.540 0.436
With WCI  0.282 3.937 0.843 0.033 1.811 0.514 0.043 1.589 0.394
LC6 No WCI 0.136 2.944 0.872 0.017 1.821 0.603 0.025 1.447 0.423
With WCI  0.212 2.964 0.912 0.025 1.952 0.622 0.037 1.739 0.483
LC7 No WCI 0.781 3.225 0.600 0.045 0.836 0.196 0.062 1.260 0.306
With WCI  0.512 2.527 0.493 0.035 0.712 0.186 0.047 1.098 0.293
LCS No WCI 0.327 1.146 0.403 0.138 0.985 0.235 0.012 0.825 0.169
With WCI 0.692 2.225 0.400 0.050 1.128 0.217 0.069 1.291 0.307
LCO No WCI 2.587 4113 0.466 2.488 4.182 0.483 3.223 5.435 0.635
With WCI  2.581 4.952 1.099 2.496 5.398 1.091 3.240 5.529 0.636
LC10 No WCI 2.652 4.155 0.417 2.490 4.257 0.473 3.229 5552 0.622
With WCI  2.527 5.090 1.087 2.481 5481 1.257 3.222 5.265 0.635
LC11 No WCI 2.626 4.168 0.485 2.494 4219 0.517 3.230 5.528 0.682
With WCI 2.638 4.192 0.485 2.496 4.253 0.521 3.232 5,512 0.687
LC12 No WCI 2.627 4.056 0.435 2.491 4.287 0.505 3.230 5.621 0.667
With WCI  2.628 4.060 0.431 2.491 4.277 0.500 3.231 5.639 0.661

On the other hand, when interacting with irregular waves (i.e. LC6 and LC8), the opposing

current can increase surge motion by up to 26% and heave motion by up to 30%, while the

following current decreases both surge and heave motions (i.e. LC1, LC3, LC5 and LC7).

The interaction has minimally affected the pitch motion, even though this can induce an

extra restoring force in the negative heave direction. Accordingly, the heave response has

experienced alterations when considering the nonlinear coupling effect of heave and pitch

responses, particularly for a single-point mooring system (Y. Li et al., 2018; Qu et al., 2020).
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The inclusion of wind speed in operational load cases induced stronger responses of surge,
heave, and pitch in operational sea states compared to extreme sea states, as highlighted in
Table 8.1. This observation is attributed to the significant impact of wind on FOWTs. The
aerodynamics of wind are expected to be the dominant loading in extreme wind events,
potentially diminishing the comparative impact of WCI on the floating system. The deliberate
exclusion of wind in extreme sea states aligns with the rationale of highlighting the impact of
WCI during conditions where it might be more pronounced.

Nevertheless, it is imperative to acknowledge the significant impact of wind on the twin-turbine
system and the importance of including it in the operational conditions. Thus, these load
cases (LC9-LC12) were selected to mirror the environmental conditions of the reference site,
providing additional insights into the system’s behaviour under realistic scenarios (L. Chen
& Basu, 2018). These findings underline the significance of simulating holistic environmental
conditions, encompassing both wind and WCI dynamics, to comprehensively estimate the
dynamics of FOWTSs. Hence, it is crucial to understand the intricate interaction between wind
and wave-current dynamics and their combined implications.

8.4 WOCI Implications for Mooring Dynamic Responses

Mooring lines play a crucial role in maintaining the overall stability of the FOWT and ensuring
its stationary positioning. Furthermore, fairlead tensions in mooring lines are directly influ-
enced by the motion of the platform. Alterations of wave profiles due to current presence,
Figures 8.1 and 8.2, were found to affect platform motion responses (see Section 8.3). Thus,
it is of interest to investigate different current scenarios with structure-wave interaction to
understand their impact on mooring dynamics.

Among the three mooring cables, lines A and B are chosen to investigate the impact of wave-
current interaction. Mooring line A aligns with the incoming waves, while lines B and C are
inclined towards the negative and positive y-direction, respectively, as shown in Figure 6.2.(b).
Since the mooring system layout is symmetrical, the fairlead forces of cable C are identical to
those of cable B and, thus, are not presented.

Figures 8.6 and 8.7 display the time histories of fairlead forces for lines A and B, respectively,
under different WCI scenarios during operational conditions (LC11 and LC12). In general, the
fairlead force in line A consistently surpasses that in line B, irrespective of the wave-current
interaction scenario being following or opposing.

Wave-current interaction notably impacts the dynamic response of mooring lines. For line
A, the following current interacting with waves results in decreased fairlead load, while the
opposing current increases tension force, as illustrated in Figure 8.6. Conversely, contrasting
behaviour is observed in mooring line B (see Figure 8.7).
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Moreover, slight frequency shifts in fairlead forces can be observed in the time histories, at-
tributed to the modified wave spectrum caused by the current. By scrutinising these frequency
shifts, valuable insights can be obtained regarding how current-altered wave properties impact
the overall motion and stability of FOWTs.
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Figure 8.8: Statistical distributions of the mooring load at the fairlead of line A considering
wave-current interaction under extreme conditions: (left) load cases with following currents,
and (right) load cases opposing currents.

The implications of WCI on mooring dynamics are further analysed. Herein, the statistical
results of the effective tension at the lines’ fairleads are depicted in Figures 8.8 and 8.9 for
line A, and in Figures 8.10 and 8.11 for line B. In order to provide a clearer illustration of the
effect of WCI, the results are presented separately for extreme load cases (LC1-LC8) and
operational load cases (LC9-LC12) under following and adverse current scenarios.

Overall, WCI was found to impact the mooring lines’ mean and maximum fairlead tension; in
particular, the interaction significantly impacts the maximum tension, while their effect on the
mean tension is insignificant. For mooring line A, as depicted in Figure 8.8, when regular
waves (extreme cases: LC1-LC4) interact with a following current, the maximum tension
increases, whereas the opposite effect is observed for an opposing current, with a difference
of up to 22%.
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Figure 8.9: Statistical distributions of the mooring load at the fairlead of line A considering
wave-current interaction under operational conditions: (left) load cases with following currents,
and (right) load cases opposing currents.
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Figure 8.11: Statistical distributions of the mooring load at the fairlead of line B considering

wave-current interaction under operational conditions: (left) load cases with following currents,
and (right) load cases opposing currents.

For example, for line A and under extreme conditions with an opposing current (LC2), incor-
porating WCI resulted in a maximum fairlead tension increase of up to 1723 kN, compared
to approximately 1440 kN without interaction, indicating a significant increase of almost 20%.
The changed surge brought on by WCI may account for these tension load differences. Hence,

this highlights the importance of properly handling the increased fairlead tension in mooring
design.

Since WCI alters the hydrodynamic loading on the platform and moorings, thus it poten-
tially impacts the responses of superstructures like towers and nacelles. Even though the
hydrodynamic loading on moorings may be relatively small compared to the platform, WCI
contribution remains significant. Thus, during real-time simulations, it should be added to the
hydrodynamic loading on the coupled floating system utilising Morison and motion equations,
Equations (6.45) and (6.46), respectively. Consequently, considering WCI in mooring stand-
ards can help minimise uncertainties in estimated loads. This, in turn, reduces the substantial
safety factors that the mooring systems are conventionally designed with.
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8.5 WCI Implications for Nacelles Dynamic Responses

Given that FOWTs are complex coupled systems where the dynamic responses of the plat-
form, mooring, and wind turbines are interlinked, it is imperative to consider the impact of
wave-current interaction on the dynamics of the turbines. As previously demonstrated in
Sections 8.3 and 8.4, WCI influences both the platform’s motion responses and mooring
behaviour. These WClI-induced alternations in motion and mooring dynamics are expected
to propagate to other components of wind turbines, such as nacelles and towers.
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Figure 8.12: Effect of wave-current interaction on the longitudinal component (G,) of nacelles’
accelerations under operational conditions: (left) nacelle A (starboard nacelle), and (right)
nacelle C (port nacelle).

Therefore, exploring the potential effects of WCI on the dynamics of other turbines’ elements
is vital for assessing the dynamics of the entire floating system (B. Liu & Yu, 2022). Thereby
ensuring the nacelle accelerations of a FOWT system remain within acceptable limits for
its safe operation in a specific location. Thus, the impact of wave-current interaction on the
magnitudes of nacelle accelerations (G) and their longitudinal (surge), transverse (sway),
and vertical (heave) components, denoted as G, G,, and G, respectively, are analysed for
four operational load cases (LC9-LC12). The findings are presented in Figures 8.12 to 8.14
and Table 8.2.
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Figure 8.13: Effect of wave-current interaction on nacelles’ accelerations (G) under opera-
tional conditions: (left) nacelle A (starboard nacelle), and (right) nacelle C (port nacelle).

Furthermore, it is important to note that with two turbines acting as separate mass points,
their potential for moving out of phase could result in varying periods of motion, which may
extend the fatigue load into their respective transition points and towers. This could lead to
either a dampening or enhancement of motion, depending on the interaction between the two
turbines.

Figure 8.12 demonstrates that incorporating WCI reduces the maximal longitudinal acceler-
ation, G,. This reduction is particularly pronounced for regular waves (i.e. LC9 and LC10),
herein a decrease of up to 48% is observed, whereas irregular waves (i.e. LC11 and LC12)
experienced a drop of up to 22%. Consequently, these reductions notably influence the mean
values of acceleration magnitudes, which decrease by approximately 50% and 10% when
considering the current interaction with regular and irregular waves, respectively (see Fig-
ure 8.13).
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Table 8.2: Statistical comparison of nacelles’ accelerations (G) under operational conditions
considering wave-current interaction.

Load Coupled

Nacelle A acceleration, G (m?/s) Nacelle C acceleration, G (m?/s)
case model

No. Noveg:th) Min Max Mean StdDev Min Max Mean StdDev
No WCI  0.070 0.519 0.230 0.079 0.171 0.397 0.150 0.066
With WCI  0.004 0.283 0.096 0.035 0.002 0.026 0.090 0.031
LC10 No WCI 0.070 0.509 0.219 0.078 0.020 0.418 0.162 0.068
With WCI  0.004 0.264 0.104 0.035 0.006 0.253 0.099 0.032
LC11 No WCI 0.002 0.514 0.125 0.067 0.001 0.401 0.097 0.052
With WCI  0.023 0.392 0.111 0.059 0.002 0.033 0.089 0.047
LC12 No WCI  0.005 0.494 0.121 0.066 0.001 0.397 0.099 0.054

With WCI  0.002 0.483 0.117 0.063 0.002 0.401 0.096 0.052

Moreover, the observed differences in the accelerations between nacelle A (i.e. starboard
turbine) and nacelle C (i.e. port turbine) can be attributed to the wake effects in this twin
wind turbine system. Since the rotors are in close proximity, aerodynamic interaction between
their wakes causes non-uniform load distribution across the two turbines (Udoh & Zou, 2020),
even in the absence of WCI. This aerodynamic wake interaction can result in asymmetric
responses in the numerical simulations, leading to slight differences in the accelerations of
the two nacelles (Y. Bae & Kim, 2014; H. Kim, 2018).

Since the pitch response was found to be less impacted by WCI, the significant changes ob-
served in the G, could be attributed to the WCl-altered surge. Furthermore, Table 8.2 summar-
ises the statistics for nacelles accelerations. Notably, incorporating wave-current interaction
reduces the minimum, mean, maximum, and standard deviation values, further emphasising
the impact of WCI on the nacelle dynamics.

On the contrary, the statistical distribution presented in Figure 8.14 reveals minor differences
in the transverse (G,) and vertical (G;) accelerations when considering the interaction effect.
These subtle variations can be attributed to the collinearity of the environmental conditions. It
is worth noting that the wind, with a speed of 11.4 m/s, opposes the direction of the waves.
Given the dominance of these loads (wind and wave), distinguishing the specific influence
of the current, with a speed of 0.3 m/s, becomes challenging when it is either following or
opposing. Such an observation is primarily due to the wind and wave loads being significantly
larger in magnitude compared to the current. The collinearity of the environmental conditions
(i.e. wind and waves) further reduces the impact of the current.
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Figure 8.14: Effect of wave-current interaction on translational accelerations of the nacelles
under operational conditions: (top panels) transverse, sway, component (G,), and (bottom
panels) vertical, heave, component (G;). The left panels display the results for nacelle A
(starboard nacelle), and the right panels show the results for nacelle C (port nacelle).

To delve further into the impact of WCI on nacelle structural responses, time series for regular
waves and power spectral densities for irregular waves are depicted in Figures 8.15 and 8.16,
respectively. Subsequently, the consideration of WCI effectively was found to reduce nacelle
accelerations, as shown in Figures 8.15 and 8.16. For instance, Figure 8.16 illustrates the
impact on irregular waves, indicating an apparent reduction in acceleration PSDs under the
influence of WCI, particularly within the frequency range of 0 to 0.25 Hz, irrespective of
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the current direction. Interestingly, nacelle A exhibited higher acceleration than nacelle C
at very low frequencies. Such behaviours can be attributed to the differing hydrodynamic
and aerodynamic conditions acting on the twin nacelles due to their relative positions in the
system.

From Figure 8.16, the observed reduction in the PSD under opposing current (LC12), spe-
cifically for Nacelle C, can be more attributed to the changes in wave dynamics and energy
distribution induced by the interaction between the wave and the opposing current. Opposing
currents tend to shorten wave periods and increase wave heights, leading to alterations in
the energy distribution across the spectrum (Gabl et al., 2018; S. Draycott et al., 2021). This
results in a shift and reduction of energy at certain frequencies, directly impacting the nacelle’s
dynamic response. The complex interaction between these modified wave characteristics and
the structural responses of the FOWT system results in decreased PSD responses (Z. Liu et
al., 2016). Additionally, the more pronounced acceleration reduction for Nacelle C might be a
consequence of the aerodynamic interaction as a result of the positioning of the two rotors.

Moreover, the increased hydrodynamic damping effect under opposing currents enhances
energy dissipation mechanisms, further reducing the structural responses of the FOWT’s
subsystems (Z. Liu et al., 2016; T. Ishihara & Liu, 2020). For instance, opposing currents
increase the drag force acting on the nacelle, which diminishes its relative motion with the
surrounding water and consequently lowers accelerations.

The observed reductions in nacelles’ accelerations when incorporating WCI can be attributed
to the complex hydrodynamic interaction caused by the coupling of waves and currents. The
intricate WCl introduces additional forces and moments, thereby modifying the flow conditions
around the entire floating system. These altered flow fields influence the inertia of the system,
which, in turn, contributes to the system’s dampening response (Goupee et al., 2014). Fur-
thermore, twin-turbine FOWTs add another level of complexity due to the wake interaction
between the rotors, which is not considered in this study. Therefore, the assessment of their
aerodynamics is a topic of ongoing research (Martin San Roman, 2022).

Commonly, the interaction of the current with the incoming waves results in a larger excitation
force in surge and excitation moment in pitch. The surge drift force also changes with the
current-altered wave height (S. K. Chakrabarti, 1984). Unlike conventional offshore structures,
FOWTs are distinguished by their towering superstructures. These towers lead to a significant
rotor displacement from even a minor pitch motion of the floating platform.
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Moreover, in this peculiar FOWT design with a single-point mooring system, the presence of
wind could potentially tilt the platform, inducing pitch motion and vibrations in the tower fore-
aft that could affect nacelle acceleration (Antonutti et al., 2016). Consequently, it impacts the
generated power efficiency and contributes to the accumulation of fatigue loads. Therefore,
the inclusion of WCl is considerably effective for capturing more accurate wind-wave effects.
Then, a trade-off between vibration reduction and rotor speed enhancement could be advant-
ageous for extending the operational life of wind turbine components.
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Figure 8.16: Power spectral densities of nacelles’ accelerations (G) considering wave-current
interaction under operational conditions for irregular waves: (left) load cases, LC11, with
following currents, and (right) load cases, LC12, with opposing currents. The top panels
display the results for nacelle A (starboard nacelle), and the bottom panels show the results
for nacelle C (port nacelle).
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8.6 Chapter Summary

This chapter delved into the findings of the developed models of the W2Power FOWT and WCI
introduced in the preceding chapter (Chapter 6). Firstly, the effects of following and opposing
currents on wave characteristics were investigated, revealing alterations in the regular and
stochastic wave fields.

Then, the implications of wave-current interaction on the W2Power FOWT were comprehens-
ively investigated. These encompassed the dynamic responses of platform motion, mooring
system, and nacelles. Key findings are summarised:

e The presence of current significantly impacted the FOWT’s static equilibrium and, con-
sequently, its mooring and motion dynamics. This highlights the necessity for accurately
accounting for currents in the design and operational planning of FOWTs to ensure
stability and safety.

o WCI affected the translational motion responses of the FOWT system, while rotational
motions were relatively unaffected. These differential impacts suggest that translational
movements are more sensitive to environmental conditions, which can influence the
overall stability and operational efficiency of the system.

o WCI impacted the mooring system’s dynamics, with notable effects observed on the
maximum tension at the fairlead, while the mean tension was insignificantly affected.
The increased maximum tension due to WCI could lead to higher fatigue loads on the
mooring lines, potentially reducing their lifespan and increasing maintenance require-
ments.

e Under operational conditions with the inclusion of wind loads, the impact introduced
by WCI becomes relatively negligible compared to the dominant aerodynamic forces.
This negligible effect was more pronounced in the mooring loads and heave responses,
where the presence of wind significantly overshadowed the influence of WCI. Therefore,
WCI can be ignored when wind load is considered in mooring systems design. However,
the significance of WCI depends on the current strength and its direction, as well as the
wind conditions (e.g. speed and direction). In cases where the current is stronger or
aligns unfavourably with the wind, WCI might have a more pronounced effect.

e Despite the relatively minor impact of WCI under wind-dominated conditions, WCI was
found to substantially minimise maximum longitudinal accelerations of the nacelles
(Gy) in this specific twin-turbine system. Meanwhile, the transverse and vertical ac-
celerations showed slight variations due to the collinearity of environmental conditions
along the x-axis. This reduction in longitudinal acceleration could enhance the structural
integrity of the platform and reduce the fatigue loads on the nacelles and tower.
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Overall, the outcomes of this part (Part Ill) highlight the significance of incorporating WCI to
accurately simulate the dynamic responses of FOWTs and ensure operational safety. The con-
sideration of WCI makes these twin-turbine systems more viable by providing a more realistic
assessment of their performance under varying environmental conditions, thereby enhancing
design reliability and operational planning. However, the increased maximum tension and
potential fatigue impacts necessitate careful consideration in the design and maintenance
planning to mitigate long-term operational risks.

Moreover, the current framework and results of the parametric studies presented in this chapter
can form the basis for the application of advanced wave-current interaction models in future
studies. For instance, nonlinear WCI models, such as those developed by Moreira & Peregrine
(2012), can be established to account for more nonlinear effects of such interaction and their
implications on the structural responses of FOWTs. This can further refine the understanding
of FOWT dynamics and improve the accuracy of simulations, ultimately contributing to more
robust and efficient offshore wind energy systems.






Chapter 9

Conclusions and Future Work

This chapter draws conclusions from the thesis and considers opportunities for further work
in relation to the dynamic assessment and development of floating offshore wind turbines.

9.1 Overall Thesis Conclusions

This research was undertaken in partnership with EnerOcean S.L. to present an innovative
concept and provide a better understanding of the coupled dynamic behaviours of FOWTs in
wave-current environments (EnerOcean S.L., 2007). The major contributions centre around
developing the W2Power FOWT model. Furthermore, it established WCI models and ex-
plored their implications on the dynamic responses of FOWTs. Due to the coverage of cross-
disciplinary research areas, the more detailed conclusions are split into the following sections:

9.1.1 Original Research Contributions

In order to develop numerical and experimental data models, the following contributions were
made at both prototype and 1:40 model scales (Chapters 4 and 6):

e Developed W2Power floater numerical models and assessed their hydrodynamic per-
formance.

e Designed new single-point mooring systems of three catenary lines made of chains.

e Development of the floater-mooring-towers-nacelles-turbines models: The prototype
model was equipped with a pair of NREL 5 MW wind turbines.

e Developed two numerical models to investigate WCI: (i) regular WCI model, and (ii)
irregular WCI model.

e For the first time, a novel framework was introduced by integrating the WCI models with
the OrcaFlex programme.

o Quantitatively benchmarked the impacts of WCI on the dynamics of FOWTs by con-
ducting fully coupled analyses in the time domain

e Assembled and tested a 1/40"-scale physical model of FOWTs in combined wave-
current conditions at FloWave Ocean Energy Research Facility (FloWave, 2014).



e Provided validation assessments on the implications of WCI for structural responses of
FOWTs.

9.1.2 Main Research Findings

Realistic environmental conditions for a reference site were considered (NKUA-AM&WEFG,
2021), and the main conclusions are:

¢ Waves Effects: Wave directionality significantly influenced mooring and motion dynamics.
Following waves induced the highest peak tension across all lines, followed by opposing
waves, with crossing waves having the least effect. Collinear waves induced larger platform
motions than crossing ones. Specifically, following waves resulted in slightly larger surge and
pitch responses, while heave motions were more influenced by opposing waves. Irregular
waves yielded larger responses than regular ones with the same wave parameters, demon-
strating that monochromatic waves were inadequate to capture the full spectrum of wave-
induced loads.

¢ Combined Wave-Current Effects: Firstly, different wave-structure scenarios interacting
with current were tested, maintaining the current’s direction while waves followed, crossed,
and opposed the current (Chapter 5). WCI resulted in larger mooring tensions in the surge
direction than in the sway direction, indicating differential responses to wave and current
loading. This highlights the need for reinforced mooring systems to ensure structural integrity
and operational safety. Consistent tension patterns were also observed across all mooring
lines when waves crossed the current, with mean mooring loads dominating over dynamic

ones.

Mooring PSDs showed that steeper waves led to higher load responses, emphasising the
need for bespoke design considerations for line-specific sensitivities to WCI (Tang et al.,
2023). At the upper end of the wave spectrum, breaking waves may occur, introducing ad-
ditional forcing factors on the structure that could significantly amplify mooring loads and
dynamic responses. Such effects require careful consideration when designing for extreme
conditions (Chawla & Kirby, 1998). The presence of current significantly reduced peak wave-
induced mooring loads, especially with following waves, and caused frequency shifts, exciting
mooring responses at low frequencies (S.-H. Yang et al., 2016).

Platform motion PSDs revealed current influence at low and high frequencies. Following
waves increased surge and heave responses at low frequencies but decreased them at high
frequencies while opposing waves had the opposite effect. Current interaction consistently
reduced pitch and roll responses at low frequencies and increased them at high frequencies,
regardless of wave direction (Y. Liu et al., 2019). The peculiar W2Power FOWT demonstrated
effective weathervaning and dynamic response to environmental loads, with sway and yaw
motion responses and mooring loads validating its performance in wave-current conditions.



Secondly, comprehensive validations were conducted between FloWave data and OrcaFlex
simulations across various environments: calm water, current, waves, and combined wave-
current scenarios (Chapter 7). In calm water, free-decay tests without mooring lines showed
very good agreement in amplitude and period of oscillations between measured and predicted
motions in surge, heave, and pitch DoFs. Static pull-out tests with mooring lines further
demonstrated the decay behaviour of the coupled floating system. Under current-only and
pure waves, high agreement was observed between measured and simulated mooring ten-
sions and motion responses, validating the numerical model’s accuracy under current loading.
Notable mooring load discrepancies, which attributed to excessive pretension at the test’s
onset.

For the first time, the effects of WCI on FOWT structural responses were validated against
experiments. Good agreements were found between measured and predicted free surface
elevations of regular waves and spectra of irregular waves with WCI. Without WCI, simulations
overestimated wave profiles with following waves and underestimated them with opposing
waves. These discrepancies lead to inaccurate predictions for the mooring loads and motion
responses of the FOWT, potentially compromising the design and safety of these floating
systems. Furthermore, comparisons of RAOs indicated better alignment of simulations with
WCI to experimental results. The absence of WCI in simulations led to an overestimation of
RAOs with following waves and an underestimation with opposing waves. Inclusion of WCI
decreased peak RAOs of surge by up to 15%, heave by up to 11.5%, and pitch by up to 5%
with following waves while increasing surge by up to 6.4%, heave by up to 17.2%, and pitch
by up to 13.5% with opposing waves. Relative errors between measured and predicted RAOs
were lower with WCI, demonstrating the developed WCI models’ accuracy in capturing FOWT
dynamics.

Thirdly, after validating the numerical models developed, various current-structure scenarios
were simulated with waves maintaining their direction while the current followed and opposed
the waves (Chapter 8). The inclusion of WCI significantly altered the translational motion
responses of the FOWT system. Specifically, the mean values of surge and heave decreased
with a following current and increased with an opposing current, resulting in differences of
up to £26% and +£30%, respectively. In contrast, the rotational motions were relatively unaf-
fected.

The dynamics of the mooring system were notably impacted, with maximum tensions at the
fairlead varying by up to +£22.5%, depending on the current direction and mooring layout, while
mean tensions remained largely unchanged. The fairlead experiences significant impact, but
over the long term, the mooring lines are more likely to take on the cumulative fatigue load,



making them the potential weak link in terms of fatigue failure. Under operational conditions,
WCI reduced maximum longitudinal accelerations of nacelles (G;) by up to 48% and 22% in
irregular waves. Slight variations in transverse and vertical accelerations were observed due
to the collinearity of environmental loads along the surge direction.

Under wind-dominated operational conditions, the impact of WClI is generally negligible, par-
ticularly affecting mooring loads and heave responses. However, WCI can still significantly
influence nacelles accelerations in this specific twin-turbine system, enhancing structural in-
tegrity and reducing fatigue loads.

Overall, these findings collectively underscore the significant impact of WCl on FOWT dynam-
ics, particularly in platform motions, mooring loads, and nacelle accelerations. Thus highlight-
ing the need for accurate WCI modelling to enhance design optimisation and ensure safe and
reliable operation of FOWT systems.

9.2 Recommendations for Future Work

The findings provided in this thesis have yielded valuable insights into the dynamic responses
of FOWTs in combined wave-current environments. However, further research into specific
aspects is needed to propel the advancement of FOWT technologies. Consequently, building
on this research, these aspects are categorised and identified as follows:

Experimental Modelling Aspects

e Conduction of open-tank experiments to assess disturbances introduced by the model
to the WG measurements.

e Performing free-decay tests for motion responses in sway, roll, and yaw DoFs. Moreover,
investigating observed discrepancies for the performed decay tests (i.e. Section 7.3)
and exploring potential reasons behind them.

e Completion of pull-out tests, appended in Appendix C.1, to further optimise character-
istics of the designed mooring system.

e Extending the test programme to cover oblique waves (both regular and irregular) over
a wider range of angles (e.g., including angles such as 30°, 60°, 120°, and 150°) and
their interaction with currents of different profiles.

e Testing operational conditions with the inclusion of effects of wind forces on two rotors
and validating the simulated WCI implications on the nacelles presented in Section 8.5.

e Carrying out comprehensive uncertainty analyses, accounting for both systematic and
random uncertainties, particularly focusing on single-point mooring systems, where the
ability of the model to return to its initial position after displacement presents distinct
challenges.

Numerical Modelling Aspects



Incorporating floater flexibility into real-time numerical simulations, as it was modelled
as a rigid body.

Investigating the remaining DNV or IEC design load cases (IEC-61400-3, 2009; DNV-
0OS-E301, 2010; DNV-RP-C205, 2019), considering ultimate, accidental, and fatigue
limit states with different wind, wave, and current parameters, as the evaluation of the
W2Power FOWT adopted extreme environmental conditions for a reference site.
Expansion of the developed WCI models so that fully nonlinear models, such as those
developed by Moreira & Peregrine (2012), can be established to account for more
nonlinear effects.

This study assumed that wave fields are 2-D, long-crested, and uni-directional and
that random waves are linear and single-peaked. However, real ocean environments
can be more sophisticated (Section 6.3). Therefore, further research should include an
accurate depiction of the sea state, such as short-crested waves, freak waves, focused
waves, bichromatic waves, greater extreme waves, and multi-directional waves. This,
in turn, will allow for comprehensive assessments for designing optimisation and risk
assessment strategies for FOWTs under various and real ocean environments.

Since tidal variances between neap and spring tides could affect these results (i.e.
especially in the presence of varying current velocities), it would be beneficial to map
out these effects to capture the full range of potential WCI implications.

Inclusion of the aerodynamic wake interactions between the turbines’ rotors via the
development of a third-party CFD model. Then, investigate their consequences on the
dynamic responses of the floating system and power production.

Exploring scenarios involving the failure of a single turbine under various conditions
(i.e. with and without WCI). Such scenarios could provide valuable insights into system
resilience and performance, as well as lessons to be learnt in the event of emergency
shutdowns.
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Appendix A

W2Power Floating Platform

A.1 Development Trajectory

Since its introduction in 2009, W2Power has undergone extensive research and tests. It
benefited from investigations performed by Acciona Energia, the Norwegian University of
Science and Technology, and the University of Edinburgh as part of the European MARINA
Platform project (MARINA, 2010). In the subsequent European TROPOS project (which con-
sidered multi-use platforms), it was selected as an energy-producing "satellite unit" (TROPOS,
2012; Papandroulakis et al., 2017). It has successfully passed several tests on its path to the
TRL of 6. These tests are summarised in Table A.1 and depicted in Figure A.1.

A.1.1 Innovative Multi-Use Solutions

Multi-Use Power Solutions: W2Power can harness wave energy, aligning with its initial
design objective (i.e. hybrid wind/wave concept). It can effectively harness wave energy,
aligning with its original design purpose, see Figure A.1.(a, ¢). Engineering assessments
conducted across various locations have demonstrated that, under optimal wave conditions,
W2Power could generate an additional 3 MW from waves in conjunction with its existing
industry-leading wind power capacity of 20 MW (Hanssen, 2023).

Furthermore, EnerOcean’s design investigations indicate the potential to produce 350-375 kW
of photovoltaic (PV) electricity using the current W2Power configuration; see Figure A.2.(a).
The platform is also adaptable for power conditioning and export, as design studies have
revealed that lightweight, flexible modular substations can be integrated into the bow column
without requiring substantial floater reinforcement; see Figure A.2.(b). This innovative ap-
proach enables uninterrupted wind power generation from the W2Power-substation solution
(Hanssen, 2023).

Versatility Beyond Power Generation: Aside from energy production, W2Power offers the
potential for energy storage and seawater desalination, further enhancing its utility in the
maritime sector. EnerOcean has developed a compressed air-based energy storage system
tailored for offshore applications. EnerOcean has also invented a technology for anchoring
large fish cages to floating platforms, significantly reducing costs. Utilising this innovative



Figure A.1: Artistic depictions of various W2Power scale models during its TRL development
tests. Clockwise from bottom left: (a) A photograph of a 1:100 scale model of the hybrid
wind/wave W2Power with WEC arrays at the Curved tank, University of Edinburgh; (b)
W2Power at a 1:100 scale at UCC-Beaufort (HMRC) tank, Cork, to test its aquaculture
compatibility; (c) A 1:40 scale model examined during tests at FloWave, Edinburgh; (d)
W2Power prototype (1:6) during its first deployment in the open sea near the PLOCAN, Spain.
EnerOcean S.L. (2007).

anchoring solution, W2Power becomes the world’s first floating wind platform to integrate
a fully functional fish cage (Figure A.2.(c). This achievement was demonstrated during the
second deployment of its 1:6 prototype as part of the AquaWind project (EnerOcean S.L.,
2007; AquaWind, 2022; Hanssen, 2023).

A.2 Subsystems Assembly and Model Setup

Prior to conducting the tests, several essential steps were undertaken, as visualised in Fig-
ure A.3. These tasks include:

o Assemble the model: this involved bringing together the platform, towers, and wind
turbines to form a coupled FOWT system.

o Instrumentation Calibration and Installation: calibration and installation of instru-
mentation, including MoCap Qualisys, load cells, wave gauges, and reflective balls and
markers for Qualisys, were carried out.



Figure A.2: Artistic illustrations of the W2Power with its wind and multi-use applications.
Clockwise from bottom left: Rendered images of full-size W2Power equipped with (a) solar
PV arrays, (b) a compact substation, and (c) an innovative finfish aquaculture solution; (d)
W2Power prototype with two nacelles mounted being prepared for towing from ASTICAN
shipyard, Canary Islands, to its sea moorings, eliminating jack-up crane costs. After Ener-
Ocean S.L. (2007), Hanssen (2023) and AquaWind (2022).

o Mooring design and preparation: the mooring system, comprising three lines at 120
degrees with a weight of approximately 760 g/m, was designed and prepared.

o Model positioning: the scale model was precisely positioned at the centre of the tank.

o Installation of mooring lines: the mooring lines were attached to station-keep the
model. This involved attaching the necessary pretension and stiffness, replicating the
down-scaled characteristics of the full-scale mooring system.

o Adjustment for operational water draft: systematic ballasting was executed to attain
the desired operational water draft of 0.375 m (15 m at full scale). Herein, the required
masses were calculated and weighted using sensitive mass scales to ensure accurate
scaling of the necessary weights for insertion into predefined locations in the hull.
Subsequently, the scaled weights (i.e. steel bars and chains) were added to the three
main corner columns to set the correct draft.

Overall, this assembly and setup process ensured the model’s readiness for testing and met
the specified conditions and configurations (see Figure 4.8).



Figure A.3: Artistic depictions illustrating the assembly and configuration of the floating
system. Proceeding clockwise from the bottom left: (a) depiction of the W2Power hull being
transit via crane, (b) assembled towers with turbines being affixed, (c) attachment of mooring
lines to fairleads under the bow column, (d) the assembled model floating with the crane
partially released, accompanied by ballasting using mass pieces on the scaler (small photo
outlined in red).



A.3 Potential Sources of Inconsistency in Measurements

The potential sources of inconsistency in measurements, particularly in mooring line loads,
stem from various factors related to the experimental setup and environmental conditions.
One notable discrepancy arises from the expectation that mooring lines would experience
lower loads under crossing wave conditions compared to following or opposing loading con-
ditions (see Figures A.4 and A.6. This expectation is based on the mooring configuration and
loading conditions; however, empirical observations from irregular load cases (A, D, and E)
contradict this anticipation. The unexpected higher loads under crossing wave conditions can
be attributed to wave reflections in the tank, which are influenced by factors such as frequency,
flow velocity, and angle.

Figure A.5 illustrates how waves accumulate towards positive sway and reflect back, indicating
the presence of reflections that could arise from imperfect absorption by absorbing paddles
or reflections from physical models in the tank. Any imperfections in maintaining the model’s
position at the centre of the test can exacerbate these reflections, underscoring the need to
measure and understand them to accurately assess dynamic responses and performance,
especially for FOWTs.

Moreover, the presence of currents introduces further inconsistencies in mooring line ten-
sions, deviating from expected behaviours. The altered tension behaviours, particularly on
LineB and LineC, highlight the complex interplay between wave-current interaction and moor-
ing line dynamics. Furthermore, sufficient time is required between wave tests for reflections
to dissipate and the tank to return to a quiescent state, a process influenced by the frequency
and energy of the sea state. Currents can exacerbate reflection levels and alter perceived
phases, especially when reflections do not oppose incident components. This phenomenon
is evident in time series plots, where currents impact the dissipation time of reflections, with
following currents sweeping reflected waves away and reducing settling time, while crossing
wave-current interactions prolong settling time.

Overall, these factors contribute to increased loads in mooring lines and sway and roll motion
responses, highlighting the intricate dynamics and challenges inherent in experimental testing
of offshore structures under varying environmental conditions.
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Figure A.4: Effects of irregular waves and combined wave-current loads on mooring loads.
Showing the interaction of a current from 0° with (left) following, (middle) crossing, and (right)
opposing. Horizontal panels also show tensions at fairleads of the mooring lines: (top) line A,

(middle) line B, and (bottom) line C.



Figure A.5: Visualisation of potential reflections of waves in FloWave.



Table A.1: Chronological progression of technology readiness levels for the W2Power
technology development (EnerOcean S.L., 2007; Hanssen et al., 2015; Mayorga, 2016;
Papandroulakis et al., 2017; Legaz et al., 2018).

Year

Testing facility TRL

Model
scale

Description and testing scope

2012

2013

Curved Wave
Tank, University
of Edinburgh, UK

1:100

Multi-directional sea states generated (i.e.,
operational and survival conditions) for:

- Design verification

- WECs characterisation

- System’s global behaviour

2014

UCC-Beaufort
(HMRC), Cork,
Ireland

1:100

Multi-directional sea states generated (i.e.,
operational and survival conditions) to val-
idate:

- Wind forces

- Mooring loads

- System performance

- Cage culture compatibility

- System’s components individually

1:30

- Innovative control system
- WECs characteristics

2015

FloWave Ocean

Energy Research
Facility, University
of Edinburgh, UK

5

1:40

- Mooring design fully validated

- Wind load simulations (i.e., thrust forces
and gyroscopic effects)

- Validation of WECs’ impact on the plat-
form in the worst scenarios (operational
and survival modes)

2019

2022

PLOCAN site,
Canary lIslands,
Spain

1:6

- Two 100 kW turbines

Field deployment for four months, without
any operational disruptions, involved seven
storms with wave heights equivalent to 24
m (of three storms have maximum wave
heights equivalent to more than 30 m)
demonstrated:

- Platform stability

- Mooring survivability

- Main subsystems functionality

- Optimisation of marine space through the
development of wind-aquaculture systems
- Validation of wave forecasting algorithms
with added instruments

- Validation of control strategies for wind-
aquaculture platforms

- Assessment of environmental impacts
of wind-aquaculture systems (AquaWind,
2022)
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Appendix B

Convergence and Survivability
Analyses

B.1 Panel Size Convergence Analysis

The panel size convergence analysis aimed at identifying the proper sizes of panel elements
required for the findings to converge satisfactorily. To do this convergence study, the following
steps were undertaken:

1. A panel model was created using a conservative yet practical number of elements, as
shown in Figure 1. Subsequent analysis is conducted using this initial model.

2. The panel model was re-meshed with a denser distribution of elements. The recalcu-
lated results are then compared to those obtained from the previous model.

3. The process was repeated, systematically increasing the number of panel elements
(mesh density) until satisfactory convergence was achieved.

Figure B.1: A GeniE sketch of the entire panel model for the coarsest mesh of a panel size
(Ax) =0.05 m.



The present study examined four different panel models (see Figure 6.3). Key geometric
characteristics of the panel models and assessments with analytical values are summarised
in Table 6.1. Comparisons of the amplitudes of load RAOs for the surge, sway, heave, roll,
pitch, and yaw modes computed using various panel models are given in Figure B.2.
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Figure B.2: Load RAO amplitudes in 6 DoFs for different mesh densities for sensitivity analysis, for a wave heading of 4°.



B.2 Survivability Analysis of Mooring System

From the contour surface in Figure 4.12 and as recommended by DNV (DNV-OS-E301, 2010;
DNV-RP-C205, 2019), four extreme load cases are defined with six different wave seeds
for each. These load conditions are represented by the JONSWAP spectrum of y of 3.3
(Hasselmann et al., 1973) and summarised in Table B.1.

Table B.1: Environmental conditions for the mooring survivability analysis.

Significant wave height (Hs) Peak wave period (7p)

Load case (LC) [m] [s]
LCH 4 16.5
LC2 41 13.5
LC3 3.8 8
LC4 4 10

Employing Equations (6.43) and (6.44), the survivability analyses for the proposed mooring
systems, both at full and 1:40 scales, have been carried out under extreme conditions. The
results of the Ultimate Limit State (ULS) analyses are summarised in Table B.2. For the
defined load cases, the utilisation factors (UF) for all lines were found to be quite conservative
(i.e. UF < 1). Thereby indicating that the mooring lines are sufficiently strong to withstand the
extreme waves at the Canari-I reference site (Figure 4.9).

Table B.2: ULS results for the mooring survivability analysis.

LC Mooring Mean tension (7},.4,) Dynamic tension (7;,,) Utilisation
line Full scale 1:40 scale Full scale 1:40 scale factor (UF)
[kN] [N] [kN] [N]
line A 825.90 12.59 808.56 13.85 1.98 x 1073
LC1 lineB 572.03 8.72 173.18 2.64 7.74 x 1074
line C 571.38 8.71 171.87 2.62 7.71 x 1074
line A 870.51 13.27 1468.78 22.39 2.75%x 1073
LC2 lineB 564.16 8.6 213.20 3.25 8.18 x 10~
line C 561.54 8.56 210.58 3.21 8.13x 1074
line A 1148.66 17.51 13362.06 203.69 1.85x 1072
LC3 lineB 532.67 8.12 610.74 9.31 1.31 x 1073
line C 533.33 8.13 837.06 12.76 1.60 x 1073
line A 1003.02 15.29 54812.74 835.56 7.25 %1072
LC4 lineB 545.79 8.32 367.36 5.6 1.00 x 1073

line C 547.10 8.34 727.50 11.09 1.47 x 1073




Appendix C

Decay and Static Pull-Out Tests

C.1 Static Pull-Out Tests

Static pull-out tests were conducted to identify and verify the characteristics of the proposed
mooring system. The tests were attempted by imposing forced offsets in the surge direction
to ascertain the stiffness of mooring line A. This aimed at establishing a relationship between
the surge displacement of the platform and the tension in line A. Various surge offsets were
applied, and the resulting tensions were measured. Figure C.1 compares the experimental
and numerical mooring line tensions in the surge direction for a pull-out case.

From Figure C.1, it is evident that the numerical predictions align with the test data, demon-
strating good agreement. The behaviour of the system and its decay towards the line preten-
sion can be clearly observed.

For instance, line A gradually decays to the precalculated line pretension of approximately
1153 kN. However, the test matrices were not as successful as initially planned. This was
primarily due to time constraints for testing and the high demand for the FloWave tank dur-
ing the test time. Therefore, these challenges highlight important considerations for future
research endeavours.
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Figure C.1: Time histories of static pull-out tests in still water. Validation of measurements
against numerical simulations for the mooring line tension at the fairlead.



Appendix D

Publications and Conferences

Conference and journal publications resulting from this EngD research project are included
and appended in chronological order as follows:

e Elobeid, M., Tao, L., Ingram, D., Pillai, A.C., Mayorga, P. and Hanssen, J.E., (2022),
June. Hydrodynamic performance of an innovative semi-submersible platform with twin
wind turbines. In International Conference on Offshore Mechanics and Arctic Engineer-
ing (Vol. 85932, p. VO0O8T09A032). American Society of Mechanical Engineers.

e Elobeid, M., Pillai, A.C., Tao, L., Ingram, D., Hanssen, J.E. and Mayorga, P., (2024).
Implications of wave-current interaction on the dynamic responses of a floating offshore
wind turbine. Ocean Engineering Journal, 292, p.116571.

e Technical Conferences:
¢ Poster presented. “Hydrodynamic Performance of a Floating Offshore Wind Turbine

under Combined Wave and Current”. The International Network on Offshore Renew-
able Energy (INORE) European Symposium 2022. Zarautz, Spain (October 2022).

o Poster presented. "PO084: Coupled Analysis of a Floating Offshore Wind Turbine
under Combined Wave and Current”. WindEurope Annual Event 2023. Copenhagen,
Denmark (April 2023).

o Poster presented. “Experimental Investigations on the Dynamic Responses of a Float-
ing Offshore Wind Turbine in Combined Wave-Current Environments”. Seanergy 2023.
Paris, France (June 2023).
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ABSTRACT

The deployment of offshore wind turbines has focused
primarily on shallow seas (such as the North Sea, Chinese
coastal waters, and the New England coast) using bottom fixed
foundations. However, much of the world’s offshore wind
resource lies in deeper waters where bottom-fixed foundations
are not suitable, and floating platforms must be utilised. To date,
the majority of floating concepts have been developed to support
a single wind turbine. This leads fo a high capital cost for each
individual platform and consequently a high levelised cost of
energy.

The W2Power plaiform (developed by EnerOcean S.L,
Spain) currently supports a pair of 6 MW wind turbines on
outward-leaning fowers. The design significantly reduces the
cost per installed MW, increases the structure’s natural period,
added mass, and radiation damping. The platform, patented in
2009, was the world’s first twin-turbine platform and the first to
be demonstrated at sea (2019).

This paper presents the hydrodynamics of a 1:40 scale
model of the W2Power platform using the well-known OrcaFlex
software. The analysis has been carried out under extreme and
operational conditions, and the resulting hydrodynamic loads
and motion response are presented.

The mooring system was found to be sensitive to wave
direction, particularly when propagating along the curvent
direction. Furthermore, the results showed advantages in the
hydrodynamic responses for the W2Power platform as an
innovative floating system.

Keywords: MUFOP, FOWT, semisubmersible, coupled
analysis, mooring dynamics.
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NOMENCLATURE
Pw water density
Y gamma
(5 theta
Lat latitude
Lon longitude
DoF degree of freedom
RAO response amplitude operator
WD water depth
ML mooring line
MBL minimum breaking load

1. INTRODUCTION

Climate change is a critical issue, and wind energy is widely
considered a valuable renewable energy source for
decarbonising electricity generation and mitigating greenhouse
gas emissions. As a result, significant effort is being made to
design wind turbines that capture energy at sea. These turbines
can be installed on bottom-fixed or floating foundations
connected to the seabed by mooring lines. Furthermore, 80% of
the offshore wind potential is in waters deeper than 60 m [1],
making bottom-fixed installations challenging, whereas floating
installations would be feasible.

The offshore wind industry has grown tremendously in the
last decade due to recent technological advances and policy
encouragement worldwide. Offshore market trends indicate that
floating offshore wind turbines (FOWTs) of 10-20 MW will be
operational [2]. Deploying such large turbines at commercial
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scales using conventional single platforms is both technically
challenging and, so far, has proven very expensive.

Consequently, multi-unit floating offshore platforms
(MUFOPs) are being developed as viable innovations for higher
installed wind capacity. Baltrop [3] highlighted the significant
benefits and drawbacks of MUFOPs. Since the introduction of
W2Power in 2009 [4], twin-turbine floating platforms, where
two turbines use the same platform and mooring system to save
installation and mooring expenses, have emerged as lower cost
per MW power production systems suitable for deep-water use.
Twin turbines allow more cost-efficient wind energy capture
since the platform's height and loads are lower than single-
turbine floaters of comparable power [5].

Such platforms are distinguished by heave plates that reduce
heave and pitch motions, thereby shifting their natural
frequencies towards the lower frequency region with minimum
added mass and ultimately improving their hydrodynamic
performance [6]. Henderson et al. [7] developed analytical tools
for assessing the performance of wind farms with MUFOPs and
their anticipated costs and feasible locations, particularly in the
UK waters. For one specific hull shape and design configuration,
the effect of columns spacing and towers inclination on the
performance has been investigated by Udoh and Zou [8].

1.1 W2Power Platform
1.1.1 Development Trajectory

This paper presents the innovative W2Power twin-turbine
concept currently developed by EnerOcean S.L (Spain). The
platform was introduced by Pelagic Power from Norway as a
novel hybrid wind-wave power concept for the offshore market
in 2009. Since 2012, it has been developed primarily as a floating
wind platform with multi-use capabilities (not limited to wave
power). W2Power benefited from extensive preliminary research
performed by Acciona Energia, NTNU and the University of
Edinburgh as part of the European MARINA Platform project
[9]. In the subsequent European TROPOS project (which
considered multi-use platforms), it was selected as an energy-
producing "satellite unit" [10].

W2Power has successfully passed five laboratory testing
campaigns on a 1:100 scale model in the Curved Wave Tank at
the University of Edinburgh, UK (2012-2013) and the UCC-
Beaufort tank (HMRC) in Cork, Ireland (2014), and these tests
have resulted in the following:

e Demonstration of concept and improvement of the
platform's design.

e Appraisal of the platform's effectiveness upon two
aquaculture systems

e Investigation of RAOs, moorings and forces determination
of a preliminary mooring system

e  Picking the appropriate wave energy converters (WECs) and

their impacts on the platform dynamics, in particular, a 1:30

model of a three-WECs array and innovative control system

was built and tank-tested.

Following individual validation of the key components, the
Technology Readiness Level (TRL) of W2Power has been
upgraded from 3 to 4.

V008T09A032-2

In 2015, W2Power completed a series of validation trials at
the FloWave Ocean Energy Research Facility at the University
of Edinburgh. Precise sea states based on measured met-ocean
conditions at EMEC, Scotland, and Cabo Silleiro, Spain, were
used with a 1:40 scale model, achieving a TRL of 5.

Subsequently, W2Power has gone through several design
iterations, becoming the world's first twin wind turbine platform
tested at sea, achieving a TRL of 6. It should be noted that the
current design omits WECs; interested readers are referred to
earlier studies by Hanssen et al. [11] and Legaz et al. [12]. Figure
1 shows the 1:6 W2Power scale prototype tested in open sea near
the PLOCAN platform, Canary Islands, Spain.

The current W2Power design is engineered to support a pair
of original equipment manufacturers (OEMs) wind turbines on
out-leaning towers, as studied here with two "generic" 6 MW
turbines and giving each platform 12 MW rated power. The
platform is anchored to the seabed by a single point mooring
system comprising three lines.

FIGURE 1: W2POWER PLATFORM PROTOTYPE DURING
2019 SEA TESTS. PHOTO COURTESY OF ENEROCEAN.

1.1.2 Wind Farm Scale Advantages
EnerOcean has proposed two wind farms with a total

capacity of 180 MW, and up to 15 floating platforms are likely

to be deployed. W2Power is the most cost-effective technology

at the wind farm scale in terms of cost-effectiveness [13 - 14],

and provides the following:

e  Maximisation of power generation due to its weathervaning
system that allows the platform to align with the
predominant wind direction and eliminates conventional
yaw

o W2Power, with its light-weight but stable design, offers up
to twice the rated capacity of a single turbine floater while
using less material (saving up greater than 25% of steel
weight)

e Assembling two turbines on a single platform can be done
in a dry dock or a load-out quay, which keeps time and
installation costs down since fewer tows and moorings are
required
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e A W2Power wind farm reduces inter-array cabling and
mooring requirements by increasing turbines density in the
array, thus improving seabed space management.

1.1.3 Model Design Description

This study considers a 1:40 scale model of the W2Power
platform, which is a triangular semi-submersible structure that
supports a pair of OEM wind turbines mounted on outward-
leaning towers at columns A and C.

\ Heave plate
Tubular braces

\
/ P‘tml{mns

& chords
— / \

£ Mooring fines

PN

FIGURE 2: SCHEMATIC REPRESENTATION OF THE
MODEL'S COMPONENTS.

The platform will be anchored to the seabed by a single point
mooring system comprising three lines and attached to column
B. Horizontal pontoons and chords link all columns to form a
triangle and tubular braces (slender elements) are attached
between the columns and the pontoons. In order to prevent
excessive heave, the platform is passively ballasted by water in
three heave plates attached to the base of the corner columns A,
B, and C. The dimensions of the W2Power’s main constituents
at full scale are listed in Table 1.

TABLE 1: MAIN PARTICULARS OF THE FULL-SCALE

W2POWER PLATFORM.
Description, unit Prototype
Draft, m 15
Water depth, m 200
Outward leaning angle, ° 15
Corner columns diameter, m 9
Column D diameter, m 5
Columns heights, m 25
Towers bases separation, m 90

V008T09A032-3

2. ANALYSIS METHODS
The floating system here consists of two components:
1) the floater, modelled as a large rigid body with six
DOFs
2) the mooring lines, modelled as slender bodies
using the Morison equation
The hydrodynamic loads on these components are evaluated
by employing different theories since their dimensions differ. A
fully coupled analysis is used to evaluate the system's
performance. The non-linear interactions between hydro- and
mooring- dynamics are captured by solving the governing
equations in the time domain:

([M] + [A])X + [B]X + [C]X = Fyave + Frnoor (1)

Where, [M] is the 6X6 structural mass (dry mass + inertia)
matrix, which includes platform, towers, nacelles, and rotors as
superstructures. [A] is the 6X6 frequency-dependent added
mass, B is the 6X6 potential damping matrix, and C is the 6X6
hydrostatic stiffness matrix. Fyave is the 6-DOF wave forces
(excitation, viscous and drift forces) in which the Newman
approximation was utilised to account for wave drift loads [15],
and Fpmoor 18 the mooring force.

2.1 Numerical Model Setup

The numerical model is built at a scale of 1:40, and its
properties are listed in Table 2. Then numerical simulations were
performed using the SESAM (GeniE) software developed by
DNV [16] and Orcina Ltd’s packages (OrcaWave and OrcaFlex)
[17 - 18].

FIGURE 3: PANEL MODEL IN ORCAWAVE, WET SURFACES
(IN RED) BELOW THE LOADING CONDITION.

GeniE was utilised to construct and generate FEM models
of the platform's substructures: the panel model including the
four columns (A, B, C, and D) and the Morison model
represented by the pontoons and braces. Then OrcaWave was
used to perform the hydrodynamic study based on the 3D
potential theory. As a result, the hydrostatic stiffness coefficients
were obtained, along with the frequency-dependent
hydrodynamic added mass and damping.
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TABLE 2: SCALE MODEL PROPERTIES.

Mass, kg 122.087

Centre of mass 12E+00 -3.3E+-05 1.9E-01

(X7 y’ Z)’ m

Centre of buoyancy | »p100 1 6E07  -23E-01

(X, y,2), m

Waterplane area, m> 1.3E-01

Mass moments of 4.0E+05 6.7E-03 | -4.1E+01

inertia, kg.m? 6.7E-03 4.0E+05 | 1.9E-15
-4.1E+01 0.0E+00 4 .0E+05

After obtaining the platform’s hydrodynamic characteristics
(i.e. RAOs), all substructures were imported into the OrcaFlex to
analyse the floater and mooring coupled system in the time
domain. The coupled analysis model setup is depicted in Figure
3.

-

GeniE OrcaWave
Hydrodynamic loads ¥| Platform hydrodynamic
(FEM files) 1 characteristics

|

OrcaFlex

Floater-mooring coup led
analysis in time domain

Mooring system | :
‘ characteristics |

FIGURE 3: MODEL SETUP FOR COUPLED ANALYSIS.

2.2 Environmental Conditions

The environmental data considered here are for a potential
deployment site off the island of Gran Canaria in the Atlantic
Ocean, as shown in Figure 4. The National and Kapodistrian
University of Athens provided wind and wave hindcast data from
2001 to 2010 [19].

7 km ;

. WA

Las PEIIE-I.IS \" _\

CANARIAS
| —
Lat,Lon ND () Distance to shore 10 .
00
28.085001°, -15.361577° | B0-250 | 7lontoLas Falmas o

FIGURE 4: REFERENCE SITE (GLOBAL WIND ATLAS) [20].
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Figure 5 shows the distribution of significant wave height
(Hs) and peak wave period (Tp) by sector. As can be seen, the
dominant sector is East-North-East, with the majority of long-
period waves (mostly between 6 and 15s) and large significant
wave height emanating from that direction.

FIGURE 5: DIRECTIONAL WAVE ROSE: (LEFT) HS AND
(RIGHT) TP.

Accordingly, neglecting aerodynamic loads and
considering both waves and current conditions, operational load
cases for two wave directions are simulated, as described in
Table 3.

TABLE 3: PARTICULARS FOR OPERATIONAL LOAD CASES

SIMULATIONS.
Description Full Scale Model Scale
80 2

Water depth (m) 200 5
Current conditions
Speed (m/s) 1 0.158
Direction (°) 180 180
Wave conditions (JONSWAP spectrum)
Hs (m) 1.5 0.0375
Tp (s) 8 1.265
v 2 2
Directions (°) 180 180

210 210

2.3 Frequency-domain Hydrodynamic Analysis
2.3.1 Eigenfrequency Analysis

Due to the floater's symmetry, pitch and roll motions are
nearly identical, and the mooring system significantly influences
horizontal motions. Therefore, only heave and pitch motions are
of interest. When the platform is analysed without a mooring
system, the restoring force is generated mainly by the large
waterplane area, which remains unchanged for the two water
depth conditions due to the use of the same floater, and also the
body mass remains unchanged. However, only the added mass
term varies in response to the dynamic pressure generated by the
platform's motion.
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FIGURE 6: ADDED MASS OF HEAVE (A33) AND PITCH (A55)
MOTIONS IN A 0° WAVE HEADING FOR WATER DEPTHS OF 5
AND 2 M.

The added mass is dependent on the period of the excitation
wave and converges towards a constant value for both heave and
pitch, as illustrated in Figure 6. Then the natural periods, Tni, for
the heave and pitch responses can be calculated by Eq (2), and
Table 4 summarises the results.

0.5
M+A4;;
Ty; = 2m (224) @)
Cii
Where, M is the body mass, Aji and Cj are the added mass
and restoring stiffness in the ith DoF, respectively.

TABLE 4: EIGENFREQUENCY CALCULATION FOR WATER
DEPTH 5 AND 2 M.

DoF
Description -
Heave Pitch
Water depth 5 ) 5 5
(m)
Body mass
. 122.087 | 122.087 | 180.189 | 180.189
(kg, kg.m?)
Addedmass | o) 007 | 89326 | 166.342 | 167.330
(kg, kg.m")
Restoring
1311.923 | 1311.523 | 2178.313 | 2178313
(N/m, N.m)
Natural 2514 | 2523 | 2506 | 2510
period (s)
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2.3.2 Platform RAOs Motion

Figure 7 compares the response amplitude operators
(RAOs) for heave and pitch motions. The RAOs reveal that the
resonance occurs at a wave period of approximately 2 to 3 s,
which is consistent with the eigenfrequency calculations in Table
4, especially in the heave response. Furthermore, as the water
depth decreases, there is a significant rise in pitch response,
particularly at low frequencies. However, this is not seen in the
heave RAO; hence, more illustrations (i.e. excitation forces)
might be presented that are not shown in this study. Following
that, the hydrodynamic characteristics of the platform were
determined for each water depth in preparation for time-domain
analysis of the floater-mooring coupling.

Heave Response

— & —2m
sm |-

RAO (m/m)

RAO (rad/m)

10 15
Period (s}

FIGURE 7: HEAVE AND PITCH RAOS IN A 0° WAVE
HEADING FOR WATER DEPTHS OF 5 AND 2 M.

2.4 Time-domain Hydrodynamic Analysis

To more accurately model drag loadings on submerged parts
of the hull, large members (i.e. columns and heave plates) and
cross members (i.e. pontoons, chords, and tubular braces) were
modelled in OrcaFlex as Morison elements. Furthermore, all
columns and the three heave plates are equipped with Morison
elements. In accordance with [21] and [22], the drag coefficients
used in the analysis are listed in Table 5, with colour coding
consistent with that in Figure 8.

@ Heave plates + Columns

@0 Pontoons + Chords

Tubular braces

FIGURE 8: MORISON DRAG ELEMENTS RENDERING
AND THEIR COLOUR CODES IN ORCAFLEX.
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TABLE 5: DRAG COEFFICIENTS FOR MORISON ELEMENTS.

Hull component Drag Coefficient (Cd)
Corner columns (A, B & C) 0.61
Middle column (D) 0.56
0.68
Heave plates 4.8 in z-direction
Pontoons and chords 1
Tubular braces 0.63

2.5 Mooring System

Three catenary lines (A, B and C) are placed symmetrically
along the platform’s Z-axis and spread by 120° to anchor it to
the seabed, as seen in Figure 9. According to DNV guidelines
[23], stud-less chains of a drag coefficient of 2.4 were selected,;
the characteristics of the mooring system are listed in Table 6.

FIGURE 9: TOP VIEW OF MOORING LINES ARRANGEMENT
AND ENVIRONMENTAL LOADING DIRECTIONS.

TABLE 6: CHARACTERISTICS OF THE MOORING SYSTEM

MODELLED.

Description, unit Water depth

Sm | 2m
Line grade and type R4 - studless chains
Dry-line weight, N/m 3.01
Wet-line weight, N/m 2.61
Nominal chain diameter, mm 8.00
Minimum breaking load (MBL),
N 31.38E+03
Axial stiffness, N 1.32E+06
Fairlead pretension, N 33.37 11.71
Line unstretched length, m 22.93 9.17
Fairlead depth, m 0.375 0.375
Anchor radius (R), m 21.35 8.54
Anchor depth, m 5 2

V008T09A032-6

2.6 System Survivability Analysis

To check the system survivability, contour surfaces for joint
wind and wave parameters are constructed based on long-term
joint distributions of mean wind speed at 100 m height (Uw),
significant wave height (Hs) and spectral peak period (Tp), with
the probability of exceeding corresponding to a 50-year return
period. The contour surfaces shown in Figures 10 and 11 were
produced using the ViroCon, Python-based, software [24]. The
zero-crossing period (Tz) was estimated using the relationship
Tp=1.2859 Tz, and as recommended by DNV [22], the duration
of each sea state is 3600 s. Accordingly, four extreme load cases
(LCs) are defined with six different wave seeds for each and
summarised in Table 7. Likewise, the load cases in Table 3 are
considered to analyse the performance of the floater-mooring
system under operational conditions.

Significant wave height, Hs (m)

0.0 2.5 5.0 7.‘5 ll::.() 12I.5 15I.0 l?l.f) 20‘.0
wind speed, U, (m s~1)
FIGURE 10: 50-YEAR ENVIRONMENTAL CONTOURS FOR
UW AND HS.

Significant Wave Height, He (m)

T T T
5 10 15 20 25 30 35
Peak Wave Period, Tp (s)

FIGURE 11: 50-YEAR ENVIRONMENTAL CONTOURS FOR
TP AND HS.
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TABLE 7: PARTICULARS FOR SURVIVABILITY ANALYSIS.

Description Full Scale Model Scale
80 2
Water depth (m) 200 5
Simulation time (s) 3600
Wave conditions (JONSWAP spectrum)
Hs (m) 4 0.100
Let Tp (s) 16.5 2.609
LC2 Hs (m) 4.1 0.103
Tp (s) 13.5 2.135
Hs (m) 3.8 0.095
LC3 Tp (s) 8 1.265
Hs (m) 4 0.100
LC4
Tp (s) 10 1.581
Y 33
Direction (°) 180

2.7 Simulation Setup

Regarding the simulation settings, the platform is
positioned, as seen in Figure 9. Since no wind is considered, both
waves and currents propagate in the x-direction (at 180°). While
the current direction remains unchanged, waves hit the floater at
210°, which leads to a 30° misalignment between the wave and
current directions.

3. RESULTS AND DISCUSSION
3.1 Extreme Condition Results

The ultimate limit state (ULS) check is performed to ensure
that individual mooring lines are strong enough to withstand the
loads imposed by extreme environmental conditions. According
to standard DNV-OS-E301 [23], the design equation in the form
of a utilisation factor (UF) can be expressed as follows:

UF=3<1 3)

Ta = Ymean * Tmean) + (den * Tdyn) 4)

Where, Sc is the characteristic mooring line strength and
was obtained from the minimum breaking strength (Sc = 0.95 x
Swmps). Tq is the design tension, Ymean and yqyn are partial safety
factors for the mooring line's mean (Tmean) and dynamic (Tayn)
tensions, respectively, which have been determined in
accordance with a consequence class 1, see Table 8.

TABLE 8: PARTIAL SAFETY FACTORS FOR ULS.

Consequence Safety factor for Safety factor f or
. dynamic tension
class mean tension (Ymean)
(Yayn)
1 1.10 1.50
1.40 2.10

V0O08T09A032-7

Matlab was utilised for post-processing. The results of the
ULS analysis are summarised in Table 9. In all loading cases, the
utilisation factors for all lines were found to be quite
conservative, indicating that the mooring lines are sufficiently
strong to withstand the extreme waves in that location. However,
mooring line A showed a higher utilisation factor than the other
two lines due to its alignment with the incoming waves.

TABLE 9: ULS RESULTS FOR THE MOORING LINES.

M Tmean (N) Tayn (N) UF
LC L
2m Sm 2m | Sm 2m Sm
Al 13 35 14 13 1.98E-03 3.28E-03
LC1 | B 9 30 3 8 7.74E-04 2.56E-03
C 9 30 7.71E-04 2.58E-03
Al 13 35 22 29 2.75E-03 4.68E-03
LC2 | B 9 30 3 11 8.18E-04 2.78E-03
C 9 30 3 11 8.13E-04 2.84E-03
Al 18 39 204 84 1.85E-02 9.64E-03
LC3 | B 8 29 9 15 1.31E-03 3.11E-03
C 8 29 13 20 1.60E-03 3.48E-03
Al 15 37 836 68 7.25E-02 8.17E-03
LC4 | B 8 29 6 13 1.00E-03 2.90E-03
C 8 29 11 19 1.47E-03 3.49E-03

The maximum mooring line tension and floater surge and
heave movements are some of the most critical design criteria
for semisubmersibles. Figure 12 illustrates the surge and heave
motions of the platform under extreme conditions, whereas
Figure 13 depicts the maximum tension in the three lines. As can
be observed, the three parameters are controlled by the
significant wave height (Hs) and peak period (Tp). The heave
response reduces as the wave period decreases, whereas the
surge response increases.

FIGURE 12: MAXIMUM SURGE AND HEAVE MOTIONS FOR
EACH EXTREME LOAD CASE AND TWO DEPTHS.
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FIGURE 13: MAXIMUM MOORING LINE TENSIONS FOR
EACH EXTREME LOAD CASE AND TWO DEPTHS.

Line Tension (N)

[___EW B

LCa

At a water depth of 2 m, mooring line A experienced
extremely high tensions of 225 N and 854 N during the most
severe wave circumstances due to the line's direction of collinear
waves and currents (180°), but these tensions are still less than
the line MBL. The surge follows a similar pattern, and it is
interesting to note that the maximum tension and surge do not
coincide. One of these values (both Tmax= 225 N and Surgemax=
450 mm) occurred while the wave height (Hs=0.095 m) was less
than the maximum, emphasising the significance of modelling
different realisations (i.e. random seeds) and employing a
focused-wave technique to reproduce an extreme wave condition
the sea state of interest, particularly for single mooring systems.
This argument is consistent with the findings of Hann et al. [25]
and Coe et al. [26], who concluded that a single focused wave
was insufficient to accurately quantify the extreme loads
encountered by a single taut moored wave energy converter. On
the other hand, the heave response was found to have values
relatively close to those observed at 5 m water depth, averaging
about 0.11 m.

3.2 Operational Condition Results
3.21 Mooring Line Tension

This section discusses the platform's performance under the
operational load case defined in Table 3. The effective tensions
at the fairleads of three mooring lines are shown in Figure 14 for
an operational load case and two water depths. The coexistence

V008TO09A032-8

of waves and currents causes the most substantial tensions in line
A. The average tension at a depth of 2 m is around 12.7 N, while
at a depth of 5 m, it is approximately 35 N. As can be seen, the
tension at 5 m water depth is approximately 1.7 times that at 2m.
This is due to the increased tension associated with the deeper
water level caused by the long line suspended and laid at the
seabed.

200 300 400 500 BOD  FOD DO 900 1000

200 300 400 s00 GO0 Top  BOO 000 1000

ML:B

" " n " " " " ] 15
200 300 400 500 EOD  FOD 8ap 9o 1000 200 300 400 500 80 700 s00 900 o0m

Fairlead Tension (M)

ML: C

15
W0 1000 ppp 300 400  sbo E00 70D BOD 900 1000

200 300 400 500 6DO 70O 83D

Time (s)

FIGURE 14: TIME-SERIES RESULTS OF THE MOORING LINES
TENSION AT WAVE HEADING 180° AND WATER DEPTH 2 M
(LEFT) AND 5 M (RIGHT).

The tensions on the other leeward mooring cables (B and C)
are comparable as they are misaligned with the incoming waves
and current. The maximum tensions are measured at mooring
line A at water depths of 2 and 5 m (circled in blue) with
approximate values of 22 and 50 N, respectively.

3.2.2 Platform Motion

This section reports the findings of platform responses, in
which surge, sway and heave time series have been compared for
a 180° wave direction and the two water depths. The response is
obtained from the floater-mooring coupled responses from 200
to 1000 seconds by omitting the transient period. According to
Figure 15, the platform appears to respond similarly in the surge
motion at 2 and 5 m water depth, with corresponding maximum
displacements of 0.2 and 0.15 m (circled in red).
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FIGURE 15: TIME-SERIES RESULTS OF THE PLATFORM

MOTIONS AT WAVE HEADING 180° AND TWO WATER
DEPTHS.

3.2.3 Effect of Wave Directionality

Taking advantage of the platform's capability to
weathervane, it is crucial to investigate the consequence of the
incoming wave heading on the mooring floater reactions. Thus,
a single mooring line's tension and the pitch response are
analysed under the most wave-dominated headings in the
proposed deployment site, 180° and 210°. As shown in Figure 16,
the wave direction does not affect the platform pitch motion.

Water depth: 5m

‘Water depth: 2 m

Pitch - 180° 0.5 Pitch - 180°
0.4
0.3
0.2
0.1
[
g 0.4 9
% 200 400 600 800 1000 200 400 600 800 1000
5 0.6 =
w Pitch - 210° Pitch - 210°
5 0.62 0.8
0.6 0.4
0.58 0.3
0.2
0.56
0.1
0.54
o
0.52
0.1
200 400 600 80D 1000 L 200 400 800 800 1000
Time (s)

FIGURE 16: TIME-SERIES RESULTS OF THE PITCH
RESPONSE AT DIFFERENT WAVE HEADINGS AND WATER
DEPTHS.
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However, as seen in Figure 17, the wave direction strongly
impacts the mooring line tension at both water depths. When a
wave with a 180° hits the platform, it tends to severely drift the
floater from its initial position, aided by currents from the same
direction. On the other hand, when waves attack the platform at
a 210°, they lack that significant drift force due to the mooring
lines being out of phase with both current and waves, which is
clearly seen in the figure.

Mooring line: A
Water depth: 2 m
0FF T ' ' ' ' ' ' T T
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=,
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a5t ; : -
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i 400 420 440 460 480 500 520 540 560 580 600

§

= 50 Water depth: 5 m

- et deplitam T T T T .
180

m

o — 1

=

m

'S

40 i
35

% ;

5 . . . ‘ . . . . .
400 420 440 460 480 500 520 540 560 580 60O
Time (s)

FIGURE 17: TIME-SERIES RESULTS OF A MOORING LINE
AT TWO WAVE HEADINGS AND TWO WATER DEPTHS.

3.2.4 Sensitivity of Drag Coefficients

To demonstrate the influence of drag coefficients on the
study, the numerical simulations were performed using pontoons
of drag coefficients ranging from 0.70 to 1.05; the results reveal
that the numerical simulations are insensitive to pontoons Cd
values, as illustrated in Figure 18.
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FIGURE 18: TIME-SERIES RESULTS OF THE PLATFORM
SURGE MOTION WITH PONTOONS OF DIFFERENT CD
VALUES, WAVE HEADING 180° AND WATER DEPTH 5 M.

4 CONCLUSION

The purpose of this study was to assess the hydrodynamic
performance for a 1:40 scale model of the W2Power twin-turbine
floating platform. Investigations were conducted under survival
and operating conditions considering long-term hindcast marine
data. Two scaled mooring systems were proposed for moderated
and deep waters of depths of 2 and 5 m, respectively.

Eigenfrequency analysis has been carried out; accordingly,
the natural periods of floater motions in both heave and pitch
have been calculated in detail and presented. The pitch response
increased with decreasing water depth, especially at low
frequencies, so for a more accurate coupling analysis, it is
necessary to obtain the platform's hydrodynamic characteristics
for each water depth separately.

In extreme analysis, the significant wave height (Hs) and
peak period (Tp) affect both the maximum line tension and
platform surge, such that increasing the significant wave height
and peak period tends to increase the maximum tension and
surge.

The mooring system performs effectively at a water depth
of 2 m without requiring as much tension as at a water depth of
5 m, which is a vital sign that the degree of tightness of the
smaller water depth is accurately approximated.

The numerical simulations were found to be insensitive to
the pontoons' drag coefficient values. The mooring system was
found to be sensitive to wave direction, particularly when wave
and current directions coincide, even though the aerodynamic
loads were not considered. This indicates that waves and current
loading and their interaction are crucial in simulations of
FOWTs, particularly when the FOWTs are to be deployed in
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locations where currents may travel in the opposite direction of
the surface wave directions.

Since the platform weathervanes in response to both applied
current and wind direction, further work is needed to investigate
the impact on either platform stability or power production. Also,
future work will explore the wave-current interaction using tank
testing experiments in the FloWave Ocean Energy Research
Facility to provide validation data for the present simulations and
the aerodynamic loads that will be incorporated.
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ARTICLE INFO ABSTRACT

Keywords:

Floating offshore wind turbines (FOWTs)
Wave-current interaction (WCI)
Nonlinear mooring dynamics

Combined wave and current

This study investigates the implications of wave—current interaction on the dynamic responses of the W2Power
semisubmersible platform for floating offshore wind turbines under operational and extreme conditions. Firstly,
two analytical models based on Airy wave theory are developed to analyse the effects of current interaction
with regular and irregular waves. Then, these models are integrated with the well-known engineering tool
OrcaFlex for the coupled aero-hydro-servo-elastic analysis. The presence of current was found to significantly

Di ion relati
S:np::l b:'erm;:n modify the wave profiles and influence the static equilibrium, mooring system, and motion dynamics of the
W2Power FOWT.

The results reveal that the translational motion responses, such as surge and heave, are affected by wave—
current interaction, with mean and maximum values decreasing under a following current and increasing under
an opposing current. However, rotational motion responses are minimally affected. Wave—current interaction
also notably affects maximum mooring tensions, with variations of up to +22% depending on the current
direction and mooring layout. Furthermore, reductions in maximum longitudinal acceleration are observed
due to such interaction. Incorporating wave—current interaction in simulations enhances our understanding of
FOWT dynamics and allows for more reliable estimations of system behaviour, emphasising the importance of
ensuring safe operating conditions, particularly in sites with opposing currents.

1. Introduction

Offshore wind is widely regarded as a significant renewable energy
source for decarbonising power production and decreasing greenhouse
gas emissions. Thus, substantial efforts are being made to design wind
turbines capable of capturing energy at sea. These turbines can be in-
stalled on bottom-fixed or floating foundations anchored to the seabed
by mooring lines. When it comes to the shallow water (e.g. the North
Sea, Chinese coastal waters, and the New England coast) of soft seabeds
(i.e. made of sand, gravel or mud), the deployment of bottom-fixed
foundations is the most cost-effective and optimal option. However,
some regions (e.g. the Mediterranean Sea) lack favourable seabed

conditions for bottom-fixed foundations. Moreover, 80% of offshore
wind potential is in waters deeper than 60 m, thereby bottom-fixed
foundations are problematic (WindEurope, 2018). Hence, floating off-
shore foundations are emerging as potential revolutionary solutions
that offer broader wind resource exploitation and alleviate problems
associated with bottom-fixed designs.

These floating offshore wind turbines (FOWTs) are subjected to
various environmental loads, such as wind, waves, and currents (see
Fig. 1). For their design and lifetime safety, the dynamic response in
storm conditions, as well as the static stability and coupled dynamic
response under operation conditions, are of paramount importance
and, hence, have been an ongoing research focus. The hydrodynamic

* This work was funded by the EPSRC and NERC Industrial Centre for Doctoral Training in Offshore Renewable Energy (EP/S023933/1). The authors are also
grateful to the National and Kapodistrian University of Athens for providing the hindcast data.
* Corresponding author at: EPSRC and NERC Industrial Centre for Doctoral Training in Offshore Renewable Energy (IDCORE), The University of Edinburgh,

King’s Buildings, Edinburgh EH9 3FB, UK.
E-mail address: (M. Elobeid).
URL: https://www.idcore.ac.uk (M. Elobeid).

https://doi.org/10.1016/j.0ceaneng.2023.116571

Received 5 June 2023; Received in revised form 25 November 2023; Accepted 11 December 2023

Available online 16 December 2023

0029-8018/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



M. Elobeid et al.

Ocean Engineering 292 (2024) 116571

Density
current | < Seabed *
Deepwater> 60m Shallow water < 60 m

Ultra deep water > 200 m

Fig. 1. Schematic showing the influence of wind-driven and near-shore currents on a floating platform moored in deep water.

loads due to the waves applied to the structure’s large and slender
elements are usually estimated using potential flow theory and Mori-
son’s formula, respectively (Morison et al., 1950). These hydrodynamic
loads are composed of two components: (i) the drag force, which is
proportional to the fluid particle velocity, and (ii) the inertia force,
which is proportionate to fluid particle acceleration.

Sea currents are a potentially significant loading source for FOWTs
that act as a constant lateral drag force on the platform, dynamic
export cables, and mooring lines, and the DNV offshore standard recom-
mends that they should be accounted for in mooring simulations (DNV,
2010). Nevertheless, previous investigations that utilised linearised or
quasi-static cable models disregarded the current effects on mooring
lines (Jonkman, 2007). These currents affect the operating point of
the mooring system of FOWTs and result in the mooring lines’ static,
dynamic, and damping responses (Hall et al., 2014). Moreover, for
the overall floating system, currents can cause floater vortex-induced
motion (VIM), static offset, and augmented wave drift forces (Goncalves
et al., 2021). These currents may be triggered by winds, tides, or density
changes, as illustrated in Fig. 1.

When waves propagate on a current, the interaction between the
current and the waves results in frequency shifts (i.e. Doppler effect)
and changes to the wave parameters (i.e. wavelength, amplitude, and
spectral energy density); thus, a higher-velocity current substantially
impacts the wave field through such interaction (Jonsson, 1990;
Masson, 1996; Smith, 1997; Moreira and Peregrine, 2012). In shallow
and intermediate water depths, the potential impacts of wave-current
interaction (WCI) on fatigue loading for a single pile platform were
identified physically i.e., using in-situ measurements (Peters and Boon-
stra, 1988) and emphasised numerically by methods of spectral fatigue
analysis (Peeringa, 2014). Pillai et al. (2021) developed a framework
to calculate current and current-modified wave parameters, showcasing

the influence of WCI on fatigue loading of floating structures. Experi-
ments further demonstrated the effects of WCI on both structural loads
and VIM of these floating structures (Draycott et al., 2021).

In deep waters, where FOWTs are deployed and WCI coexist, this
interaction impacts the dynamic responses of FOWTs during opera-
tional and extreme conditions. As a consequence, they might increase
the platform’s mean surge wave-drift force (Zhao et al., 1988) and
lead to fatigue in the system’s superstructures (e.g. mooring lines and
towers) (Chen and Basu, 2018; Qu et al., 2020; Silva et al., 2021).
However, the interaction of waves with an underlying current was
found to have no significant impact on the performance of the system’s
pitch controller (Sarkar et al., 2020).

WCI has not yet been addressed extensively in the coupled analysis
of FOWTs, and that is due to two key challenges that must be handled: a
fully nonlinear mooring model capable of incorporating current and an
appropriate WCI model. The recent development of nonlinear mooring
models has addressed the first challenge; interested readers are referred
to previous studies (Palm et al., 2016; Davidson and Ringwood, 2017;
Pillai et al., 2018). However, the latter has not yet been overcome and is
still an ongoing research topic. Moreover, most commercial engineering
tools (e.g. FAST, Sima, OrcaFlex) employ the conventional superpo-
sition of waves and currents when defining the properties of waves,
such as JONSWAP waves (Hasselmann et al., 1973). What is missing
is the Doppler shift modification of the linear dispersion relationship
that accounts for the effect of the current (Azcona et al., 2017). To
overcome this limitation, new formulations and derivations for the
total fluid particle velocity, the vector sum of the current velocity and
wave-induced fluid particle velocity, are needed to incorporate Doppler
shift appropriately. Subsequently, custom analytical models must be
developed to account for the interaction between currents and waves
(both regular and irregular) and then analyse the dynamic behaviours
of FOWTs appropriately.
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The well-known model for the interaction of regular waves and
currents is based on the Airy wave theory, in which the current effects
alter the wave frequency and dispersion relation (Thomas, 1981). For
irregular waves, Huang et al. (1972) and Tung and Huang (1974)
proposed analytical spectral models based on the solution of the reg-
ular wave model, and these models account for the impacts of the
current on the wave spectrum (Huang et al., 1972; Tung and Huang,
1974). Hedges (1981) then extended these models to account for
wave breaking driven by opposing or unfavourable currents (Hedges,
1981; Hedges et al., 1985). These models were verified and validated
using numerical simulations and tests, respectively, and demonstrated
sufficient accuracy for waves with small amplitudes (Thomas, 1981;
Lai et al., 1989; Soares and De Pablo, 2006). They have been used in
the design and structural response assessment of offshore structures,
such as floating bridges and marine platforms (Ismail, 1984; Dai et al.,
2022).

In offshore renewable energy applications, these models have been
utilised to investigate the performance of marine tidal turbines and the
fatigue loading of a bottom-fixed wind turbine (Barltrop et al., 2007;
de Jesus Henriques et al., 2014; Peeringa, 2014). Recently, they were
employed to assess the impact of WCI on the fatigue life and dynamic
structural responses of a Spar FOWT. Quantitatively, the incorporation
of wave-current interaction resulted in up to 10% differences in the
dynamic responses of this FOWT and up to 15% increases in its cable
fairlead tension (Chen and Basu, 2018, 2019). Additionally, Nguyen
(2022) looked into the interaction effect of long-amplitude waves and
currents on the same FOWT, finding that the FOWT drifted 15 m
downstream in the presence of a favourable current. In contrast, when
the current opposes the waves, the line fairlead tension can increase
by up to 20% (Nguyen, 2022). Yet, the effects of WCI on single-point-
mooring FOWTs have not been investigated. Yet, the effects of WCI
on semisubmersible FOWTs that utilise single-point-mooring (SPM)
systems have not been investigated.

Consequently, this paper looks into the effect of wave and current
interaction on the mooring loads of an SPM system of a semisub-
mersible FOWT and explores how this interaction impacts the dynamic
behaviour of the entire floating system under realistic environmental
conditions. To achieve this, a nonlinear hydrodynamic model of the
mooring system and analytical wave—current models are incorporated
into a coupled analysis of the FOWT to account for the interaction.
Following the introduction, the remainder of the paper is structured
as follows: Section 2 presents the wave—current interaction models.
Section 3 describes a coupled model for the numerical modelling of
the W2Power floating wind turbine, focusing on the mooring system’s
hydrodynamic loading and nonlinear dynamics. The effects of wave—
current interaction are then investigated numerically and discussed in
Section 4. The results of the study are presented in Section 5 before the
conclusions are discussed in Section 6.

2. Mathematical models of wave-current interaction
2.1. Governing equations

When wave and current fields coexist, the velocity potential can be
divided into a steady current potential and an unsteady wave potential.
Then, the water surface elevation surrounding the structure can be
calculated by plugging both the unstable wave potential and the current
velocity into the first-order dynamic surface boundary condition (Isaac-
son and Cheung, 1993). The following coordinate system (x, z), shown
in Fig. 2, is defined to introduce the models for the wave-current
flows. The origin, O, is assumed to be the mean water level (MWL),
with the positive X-axis aligned horizontally in the direction of wave
propagation, whereas the z-axis points vertically upward.

The continuity equation and momentum (Euler) equations govern-
ing the rotational flow of an inviscid and incompressible fluid are as
follows:

Ju  oJw _

— 4+ —==0 1
ox 0z )
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where, u and w represent the horizontal and vertical components of
fluid velocity, p, g, and p are the pressure, the gravitational acceleration
and water density, respectively.

2.2. Regular wave—current mathematical model

For regular wave—current interaction, the model formulations given
in Thomas (1981) and Silva et al. (2016) are roughly adopted, and the
following flow assumptions are made:

« The flow field is irrotational,

» Waves are of small amplitudes and propagate on currents,

+ No flow fluctuations exist perpendicular to the O,, plane, and the
waves undergo no refraction,

+ The time and length scales of the current are relatively larger than
the waves’ period and wavelength.

Therefore, the resulting velocities (v, and wy) and pressure (py) fields
are represented by the sum of the flow due to currents and waves:

ur(x, z,t) = U(z) + u(z) cos(kx — wt) 4
wr(x, z,1) = w(z) sin(kx — wt) (5)
pr(x,z,t) = —pgz + pcos(kx — wt) 6)

where u, w, and p denote the magnitude of the perturbation caused
by the wave, x denotes the wave number in the direction of wave
propagation (i.e. x = 2z/L,L is the wavelength), and U(z) is the
current velocity profile as a function of water depth (#,,) in the absence
of waves. w is the wave’s “apparent” angular frequency, and for an ob-
server in a fixed reference system is the sum of the relative or intrinsic
frequency in quiescent water (w,) and the Doppler frequencies (White,
1999) and can be written as:

a):a),+1?~(7 7)

in which, & and U are, respectively, the vectors of the current velocity
and wave number. In the linear Airy wave theory, the water surface
elevation 5(x, 1) is sinusoidal and can be expressed as:

n(x,1) = Acos(kx — wt) ®

in which A is the current-altered wave amplitude. Substituting the
formulae of the resulting fields of velocities and pressure, Eq. (4)—(6),
into the continuity, Eq. (1), and momentum equations, Eq. (2) and (3),
gives:

(3)—12) =Ku 9

p=2 ["—“’(w — U0 + Wm)] (10)
k2 | oz 0z

P _ piiw— U0 an

0z

After straightforward elimination of variables and some manipulation,
Eq. (9)-(11) yield an alternate equation for vertical velocity, written
as:

2 2
il PE N SO P 12)
0z2 o-U(2)x 022
Eq. (12) is known as the “inviscid Orr-Sommerfeld” or “Rayleigh”
equation of classical hydrodynamic stability theory in the flow domain
—h,, < z <0, which must be solved in accordance with the rigid bottom
boundary condition:

wr=w(z)=0 onz=-h, 13)
and the mean free surface linearised boundary conditions:

w(z) = Alw—-«xU(z)) onz=0 (14)
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Fig. 2. Definition of the coordinate system for wave-current interaction of a finite depth.

p=pgA onz=0 (15)

Substituting the boundary conditions on z = 0, Eq. (14) and (15),
into the pressure field equation, Eq. (10), gives the current-affected
dispersion relation.

aU(z)
0z

(@ — KU(Z))z(;—L; + |k(w — kU (2)) —g?lw=0 (16)
If the parameters A, w, and A,,,, alongside U(z), can be treated as known
values in advance from experimental specifications or measurements,
then the system of Eqgs. (12)-(14) can be solved for the wavenumber
x and the vertical velocity w(z). Accordingly, once these unknowns
have been determined, the depth-varying component of the horizontal
velocity u(z) can be derived from the continuity equation, Eq. (1), as:

u(z) = < 2 an

However, the system is defined by the set of equations, Eq. (12),
(13) and (16), cannot be solved analytically for general wavenumbers

and frequencies unless the second derivative of the current velocity
0*U(z)
2
Z
independent current or a current that changes linearly with depth. The

Rayleigh equation, Eq. (12), can thus be rewritten as:

profile is equal to zero (

= 0), which corresponds to a depth-

62w 2 _

E —k‘w=0 18
this Rayleigh equation, Eq. (18), depends on the vertical velocity w(z)
and the current velocity profile U(z), and its solution for the wavelike

horizontal velocity u(z) can be given by:

cosh[x(z + hy,)] )

2) = Al = Ug) = 19)
for w(z) by:
w(z) = A(w — UOK)%’J:)W)]; (20)
and for p(z) by:
p(2) = pA@ - KUO)m

x |(@— kU(2)) coshlk(z + h,,)] + dUiz) sinh[K(z + )] (21)

Substitution of Egs. (19)-(21) in the resultant velocity and pressure
fields, Eq. (4)-(6), yields:

cosh[k(z + h,,)]

ur(x,z,t) =U(z) + A(w — Uyk) Sinh(e,)

cos(kx — wt) (22)

sinh[k(z + h,,)]

wr(x, z,1) = Alw — kUy) Sinh(eh)
w

sin(kx — wt) (23)
pA(w — kUy)

,2,1) = — + -
pr(x.2.1) rEz K sinh(xh,,)

<[w — kU (z)] cosh(x(z + h,,))

+

ag(z) sinh(x(z + hw))> cos(kx — r) @4

U, denotes the current velocity at z = 0. Substituting Eq. (20) into
Eq. (16) gives the modified dispersion relation as:

(z=0
b4

(0 —KkUp)* = [gk — (0 — KUO)aU I tanh(ch,) (25)

This equation is onlzy valid for both uniform and linear shear current
0°U(z)
2

profiles (i.e. when = 0). For the former, it can thus be simplified

to the convenient form of the dispersion relation:

(0 — kUp)? = gk tanh(xh,,) (26)
For a linear shear current profile that can be expressed by:
U(z)=Uy+ Bz 27
then the modified dispersion relation can be represented as:

(0 — kUp)* = [gk — (w — kUp) B tanh(x h,,) (28)

where B is the current slope, and Eq. (28) is true for B = 0 (i.e. uniform
profile), and B # 0 (i.e. linear shear profile).

Based on the principle of ‘wave-action’ conservation (Bretherton and
Garret, 1970), the modified wave amplitude of Eq. (8) in the presence
of a current, (A), can be expressed as follows (Smith, 1997; Draycott
et al., 2018):

0=

&4 _ ; 29)
. Ucosa
8 1+ —

G

the subscript ‘e’ indicates a region with the absence of current, and « is
the angle between the propagation directions of the wave and current,
and C, is the velocity of the wave group and is given as:

c =ic 1+ﬂ ; (30)
L) sinh(2xh,) )’

where C is the wave apparent celerity, which is the sum of the wave
celerity in the moving reference frame (C,) and the current velocity
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(U), and can be expressed by the wavelength (L) and the corresponding
period (T) as:

C=C,+U; =§ (1)

2.3. Stochastic wave—current mathematical model

Under the wave and current assumptions described in Section 2.2,
a stochastic wave—current interaction model can be established by cou-
pling the spectral representation of irregular waves with the equations
of the regular wave-current model (Huang et al., 1972) Consequently,
the spectral density of surface waves in the presence of the current,
S(w,U), is given by:

S(,U) = 45(@) (32)

2
[ 4Ua)]1/2 [ < 4Uw>“2]
1+ — I+ 1+—
8 8

in which S(w) spectral density of waves without the influence of
current; U, w, and g are the current speed, frequency, and gravitational
acceleration, respectively. In this paper, the JONSWAP (Joint North
Sea Wave Project) spectrum was selected to generate the irregular
waves (Hasselmann et al., 1973), whose expression is:

2 , 14

S(w) = &exp _4 [—p] r* (33)
oy Slw

where o, is the peak frequency, y is the peak enhancement factor, and

parameters « and ¢ are

(@ -, 0.07 ifo<w,
a=exp ||-—————||, o=
[ 252 ] if ivel
pro 0.09 ifw>w, , respectively.

From Eq. (32), waves tend to shorten and become steeper when they
encounter an opposing current (i.e. when the current speed is negative),
and vice versa for waves travelling with a following current. Thus, it is
worth mentioning that when the current speed is negative, there is a

cut-off frequency that can be determined using the following formula:

1+ 3o (34)
4
Before this critical frequency (w = —i), surface waves with frequen-

cies close to it become extremely steep, and theoretically, beyond this
frequency, no waves can exist. In reality, wave breaking will occur
at the current threshold, and since the wave amplitude at this critical
speed would be infinite; thus the waves break a long time before they
reach this limit. However, breaking still impacts wave components that
propagate onto the current, so there is a limit to how big waves can
develop over a certain frequency range (Phillips, 1977). In order to
address this issue, Hedges (1981) derived the following “equilibrium
range limit” for deep water (Hedges, 1981; Hedges et al., 1985):
A*g? 1
(w—xU) 1+ 2U(w —«U)
g

in which “ER” denotes the equilibrium range, and A* is a numerical
(Phillips-like) constant for the waves generated on currents, its values
provided by Phillips in the range 0.008 — 0.015 (Phillips, 1977).

Given that the equilibrium range of the spectrum is associated with
deep water, the preceding equation, Eq. (35), can be used to predict
spectral densities for the current region whenever Sgp(w, U) is smaller
than S(w,U). Following that, alterations in the spectra corresponding
to flow velocity and acceleration driven by the subsurface current can
be estimated (Hedges et al., 1985; Soares and De Pablo, 2006; Peeringa,
2014). By employing these spectral representations, the sinusoidal
water surface elevation #(x, ) for ith wave components can be written
as:

Sgr(@,U) = (35)

N
n(x,t) = Z A, cos(k;x — w;t + ¢;) (36)

i=1
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in which ¢ is the random phase angle spread evenly between 0 and 27,
and N refers to the total number of wave components. In this stochas-
tic model, the amplitude of the ith wave component with frequency
interval Aw is given by:

A; = [28(;, U)aw]'? 37

The corresponding formulae for the resultant horizontal and vertical
velocities and pressure fields are:

cosh[k;(z + h,,)]

N
up(x,z,1) = U(z) + Z Aw; — x;U) D)

i=1

cos(k;x — w;t + @;),

(38)

sinh[x;(z + hy,)]

N
wr(x, 2,0 = X, A = xU) sinh(x; 1)

i=1

sin(x;x — w;t + ¢;), (39

N
A.(w; — x;U)? cosh[k;(z + h,,
Pzt =—pgz+ Y o= 50) CoRnz+ bl

P k; sinh(x;h,,)

X cos(k;x — w;t + ¢;), (40)

respectively. Differentiating the velocity fields equations, Eq. (38) and
(39), with regard to time yields the corresponding resultant accelera-
tions (i.e. the horizontal and vertical) as:

cosh[k;(z + hy,)]

in(k,x — ot + ;). (41
Snh(e ) sin(k;x — w;t + ¢;), (41)

N

ur(x,z,t) = Z Ajw(w; — x;U)
i=1
N

wr(x,z,1) = Z Ajwi(w; — x;U)

i=1

sinh[k;(z + hy,)]

X — w; ; 2
Sinh(< 1) cos(k;x — w;t + ¢;), (42)

in which the wavenumber k; will be obtained from the modified
dispersion relation, Eq. (26), for each wave component. Although this
model is stochastic, it cannot capture the nonlinear effects of wave
and wave-current interaction because it relies on the linear wave
theory. However, some nonlinear effects (e.g. fluid velocity and accel-
eration) can be captured by employing kinematic stretching techniques
(e.g. vertical, extrapolation, and Wheeler) (Faltinsen, 1993; Nestegérd
et al., 2019; OrcaFlex, 2023).

3. W2Power floating offshore wind turbine model
3.1. Platform model description

In order to investigate the effects of wave-current interaction on the
dynamic responses of FOWTSs, this paper employs an innovative floating
wind turbine model called W2Power as a case study. This model was
developed by EnearOcean S.L. (2007), Spain, in 2015 and does not
represent the current design of the platform (Hanssen et al., 2015). It
is a triangular semisubmersible structure that houses a pair of wind
turbines mounted on out-leaning towers. The platform is moored to the
seabed via a single-point mooring system, whose lines are attached to
the bottom of the front column (B). The main particulars of the platform
are given in Table 1. The towers are conical tubular steel structures
that are cantilevered at 15° on the top of the floater’s stern columns
(A and C) (Elobeid et al., 2022), with tower data adopted from the
OC3-Hywind spar FOWT (Jonkman, 2010).

3.2. Mooring system characteristics

The configuration of the single-point mooring system is a typical
catenary that comprises three lines placed symmetrically along the
platform’s Z-axis and spread by 120°, and these individual lines are
made of stud-less chains. The W2Power is designed for water depths
of 200 m, whilst this study focuses on a prospective deployment site
of 80 m water depth. The scaled mooring system proposed by Elobeid
et al. (2022) has been up-scaled, optimised and employed in the current
study; its properties are given in Table 2.
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Table 1
Main parameters of the W2Power platform.
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Parameter Value (unit) Parameter Value (unit)
Draft 15 m Braces diameter 1.32m
Water depth 80 m Pontoons diameters 3m
Column D height 25 m Heave plates height 1.5m
Column D diameter 5m Heave plates diameter 27 m
Corner columns height 25 m Towers bases separation 90 m
Corner columns diameter 9 m Towers’ out-leaning angle 15°

Turbine A Turbine C

Tower A

+—Column C

<+—Heave plate

Pontoons

Mooring lines

Fig. 3. Description of the W2Power FOWT: (a) the system’s main particulars; (b) the mooring system configuration; (c) the 6 degrees-of-freedom of the system.

Table 2
Characteristics of the mooring system.

Parameter Value (unit) Parameter Value (unit)
Fairlead depth 15 m Line length 398.3 m

Number of lines 3 Axial stiffness 252.5E03 kN
Anchor depth, radius 80, 382.24 m Line dry, wet weight 537, 466.4 kN/m
Line type (grade) Chains (R4-Studless) Fairlead pretension 1153 kN
Nominal chain diameter 157 mm Minimum breaking load (MBL) 21235 kN

3.3. Floater-towers-nacelles-rotors model

The platform is engineered to accommodate two 6 MW wind tur-
bines (WTs). Due to a lack of data on this WT, it is, therefore, analysed
with a pair of the well-documented and publicly accessible NREL-
5MW WT (Jonkman et al., 2009). The towers are conical tubular steel
structures of a height of 77.6 m and base (platform top) and top
diameters of 6.5 m and 3.87 m, respectively. They are cantilevered
at an outward 15°atop the floater’s stern columns (A and C). Towers’
data are adopted from the OC3-Hywind spar FOWT (Shin, 2011), see
Table 3.

The converging equation is established to calculate the displace-
ment, velocity, and acceleration of the FOWT, as well as the moor-
ing dynamics. It considers the effects of wind, wave, cable forces,
and wave—current interaction, and is written to be solved for the 6

degrees-of-freedom (DoF) motions as follows:
t
(M+A )X+ / K@ —-1)x(r)d7t+Bx(t)+Cx(t) = F,,()+ F,(1)+ F,(1) (43)
0

this equation is known as Cummins equation, in which, M is the
mass matrix of the entire FOWT including ballast, A is the added
mass matrix at infinite frequency, and K(t) is the retardation function
matrix (impulse response), which was calculated by the Cummins
model (Cummins et al., 1962). The convolution integral handles the
‘memory’ effect of past motions (Rognebakke, 2002), whose 7 is a ‘time’
variable ranging from 0 to ¢. B is the nonlinear damping matrix, and
C is the stiffness matrix that comprises both the hydrostatic stiffness
provided by buoyancy and the mooring stiffness, C = (C, + Cp).
The displacement, velocity, and acceleration vectors of the body are,
respectively, denoted by x, x, and X. On the right side, F,, is the mooring
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Table 3
Specifications of the NREL 5MW baseline wind turbine.
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Parameter Value (unit)

Rated power 5 MW

Number of blades 3

Cut-in, rated rotor speed 6.9, 12.1 RPM
Cut-in, rated, cut-out wind speed 3, 11.4, 25 m/s

Parameter Value (unit)
Rotor configuration Upwind
Hub, rotor diameter 3, 126 m

Drivetrain, control
Rotor, nacelle, tower mass

Geared, pitch regulated
110, 240, 249.7 tonne

fairlead tensions, F}, is the hydrodynamic loads (first- and second-order
wave forces, and current drag force), and F, is the aerodynamic loads
on the two rotors.

4. Model setup for the implications of wave-current interaction
4.1. Platform-mooring modelling

The numerical modelling tools used are SolidWorks, DNV’s Sesam-
GeniE, and Orcina Ltd’s OrcaWave and OrcaFlex (Solidworks, 2021;
GeinE, 2020; OrcaWave, 2023; OrcaFlex, 2023). The floater’s geom-
etry was developed using SolidWorks, and its mass and inertia ma-
trices were obtained. The hull’s panel model (i.e. heave plates and
columns) was meshed using GeniE, and a finite element file was subse-
quently generated. OrcaWave was then used to perform the diffraction
analysis for the ballasted floater in the absence of the mooring sys-
tem and superstructures (e.g. turbines, towers, nacelles). This yielded
the floater’s RAOs (response amplitude operator) and other hydrody-
namic parameters such as the hydrostatic stiffness coefficients, the
frequency-dependent hydrodynamic added mass and radiation damp-
ing, the first-and second-order wave forces, and difference-frequency
quadratic transfer functions (QTFs). The OrcaWave-generated model
was loaded as a vessel object into OrcaFlex to model the floater as a
rigid body, whose motion is defined by three translations displacements
(surge, sway, and heave) and three rotational displacements (roll, pitch,
and yaw) at the body origin (0,0, 0) (see Fig. 3).

Then, three mooring lines were added between the platform’s fair-
leads and the seafloor. Based on the properties listed in Table 2, the
mooring cables were simulated using OrcaFlex’s finite-element-method
(FEM) model. Each line was discretised into segments, which were
then modelled by straight massless model segments with a node at
each end (Van den Boom, 1985). The model segments only capture the
line’s axial and torsional properties, whereas the other properties, like
mass, weight, and buoyancy, were all lumped into the nodes (OrcaFlex,
2023). The seabed was assumed to be horizontal and on a rigid plane.

To account for the contribution of current-induced drag loads on
viscous damping and mean platform offsets, the analysis considered
drag loads on the submerged superstructures (mooring lines, heave
plates, columns, pontoons, and braces). Thereby, an extended form of
Morison’s formula was employed to calculate the hydrodynamic loads
on the mooring lines and platform (Morison et al., 1950; OrcaFlex,
2023), whose can be expressed as follows:

Inertia Drﬁag
——
f=(CmAaf—CaAab)+(§pCdA|Uf|vf) (44)

in which, f is the fluid force per unit length exerted on the body. C,,
and C, are, respectively, the inertia and added mass coefficients for the
body, and the value of C,, was taken to be 1+ C,. 4 denotes the mass of
the fluid displaced by the body, and a, is the fluid acceleration relative
to the earth. p represents the density of water, C, is the drag coefficient
for the body, A is the drag area, and v, is the fluid velocity relative to
the earth.

4.2. Superstructures modelling

The superstructures (e.g. towers, heavy topsides) are modelled ex-
plicitly to include the rotors’ rotation and flexing of the towers and

blades in the OrcaFlex model. The towers are modelled as profiled
cylinders via line objects that utilise homogeneous pipe attributes,
which enable the modelling of variable outer and inner diameter
profiles and their corresponding physical properties (e.g. mass and
inertia). The rotors are then connected to the towers via nacelles that
are modelled as lumped 6D buoys with their respective properties,
and to increase blade-to-tower clearances, the rotors and nacelles are
tilted by 5° (Jonkman et al., 2009). The blade structural model closely
resembles a line model, with segmented blades and nodes at the ends
of each segment. The blade discretisation and segment lengths were
meticulously adjusted to be consistent with the overall length of the
NREL-5MW turbine (Jonkman et al., 2009). At each node, the mass and
inertia properties are appropriately grouped. Blade element momentum
(BEM) theory is utilised to capture aerodynamic loads (Froude, 1920).

4.3. Modelling of wave—current interaction

Wave—current interaction is modelled in the Python programme to
solve the linear dispersion relation, Eq. (26), and obtain the current-
included wavenumber. It is not possible to solve Eq. (26) analytically;
therefore, it is solved using the physical approximations by Fenton and
McKee (1990). The presence of current slightly modifies the solution
method; therefore, the well-known Newton-Raphson’s method is used
to refine the approximation. It is tailored to attain arbitrary customis-
able accuracy (Ben-Israel, 1966). Subsequently, these custom analytical
models that account for the interaction between currents and waves
(regular and irregular) are compiled as dynamic link libraries (DLLs)
utilising the OrcaFlex Python API (i.e. Application Programming Inter-
face), OrcFxAPI. The developed model incorporates two key aspects:
the current effect on the mooring lines and the incorporation of WCI in
hydrodynamic loading estimation on the FOWT. The coupled analysis
model setup is shown in Fig. 4.

4.4. Environmental loads and simulation setup

This study investigates the performance of the W2Power platform
at a reference site, Canari-I, off the coast of Gran Canaria in the
Atlantic Ocean, whose environmental contours are constructed with a
50-year return period based on long-term hindcast data (wind, wave
and current) (NKUA-AM&WFG, 2021). Different sea conditions are sub-
sequently defined to represent both the “survival” and “operational”
conditions. In extreme sea states, the turbines’ rotors are parked. When
the rotor is parked, the turbine blades are feathered to minimise the
aerodynamic loads. This allows us to focus on the effects of WCI
on the dynamic responses of the platform and mooring lines under
such loading conditions. Whilst the aerodynamic loads and wind drag
forces act on the wind turbine systems are included in the operational
conditions. The rated wind speed (U,) at the top of the towers is
assumed to be 11.4 m/s, corresponding to the mean wind speed at
100 m hub height at the Canari-I site, and it is assumed to be in the
same direction as the axes of the rotor and is modelled using the NPD
(Norwegian Petroleum Directorate) spectrum with full field turbulent
winds (Jonkman and Kilcher, 2012).

Different sea states are picked from the environmental contour,
whose regular wave trains are defined by linear Airy types of height
(H) and period (T). While the irregular ones are represented by the
JONSWAP spectrum using a peak factor (y), significant heights (H,),
and peak period (7). The Canari-I site has maximal and average
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Fig. 4. Schematic flow chart of the coupled model setup and numerical modelling analysis.

Table 4

Load case parameters for coupled-analysis simulations of wave—current interaction.

LC No. Wave model H/H, (m) T/T, (s) y U, (m/s) Direction U, (m/s)
Extreme sea states

1 Regular 4.63 16 - 0.8 Following 0

2 Regular 4.63 16 - 0.8 Opposing 0

3 Regular 3.85 8 - 0.8 Following 0

4 Regular 3.85 8 - 0.8 Opposing 0

5 Irregular 4.63 16.4 3.3 0.8 Following 0

6 Irregular 4.63 16.4 3.3 0.8 Opposing 0

7 Irregular 3.85 9 3.3 0.8 Following 0

8 Irregular 3.85 9 3.3 0.8 Opposing 0

Operational sea states

9 Regular 1.4 7.4 - 0.3 Following 11.4
10 Regular 1.4 7.4 - 0.3 Opposing 11.4
11 Irregular 1.4 7.4 2 0.3 Following 11.4
12 Irregular 1.4 7.4 2 0.3 Opposing 11.4

current speeds (U,) of 0.8 m/s and 0.3 m/s, respectively, whose profiles
are characterised within OrcaFlex environment data.

In the simulations, the direction of the waves is fixed at 180°, and
the current hits the platform from two directions, 180° and 0°, creating
two current scenarios when interacting with waves, following and
opposing, respectively. To assess the effect of current and the inclusion
of wave-current interaction on the dynamic responses of the FOWT, the
simulated scenarios are: (i) currents only; (ii) waves only; (iii) straight-
forward superposition of wave—current effects without considering any
interaction; (iv) and incorporation of the wave-current interaction
effects. Accordingly, the environmental conditions and identification
numbers for all the load cases (LCs) considered are presented in Table 4.

5. Results and discussion
5.1. Current effects on wave fields

Wave—current interaction models established in Section 2 are used
to examine the influence of current on regular and irregular waves.
Two current velocities are considered: 0.3 and 0.8 m/s. For regular
waves and utilising Eq. (8) and (29), current alters both the mean
value and the amplitude of the wave free-surface elevation (#), whether
the current is following or opposing, as shown in the left panel of
Fig. 5. For clarity, a following current refers to a flow with a velocity
in the same direction of wave propagation. In contrast, an opposing

current propagates in the opposite direction as the waves, resulting in
a negative velocity. Furthermore, frequency shifts were observed, as
evident at the peaks of both the crests and troughs of the wave.

Eq. (32) and (35) are executed to generate the energy spectrum for
stochastic waves with a JONSWAP spectrum of y = 1, which reduces
to the Pierson-Moskowitz (PM) spectrum (Pierson, Jr. and Moskowitz,
1964). In turn, the spectra are obtained for four different current
velocities and shown on the right side of Fig. 5. The presence of current
significantly modifies the peak value of the wave spectra. For opposing
currents of speeds of —0.3 and —0.8 m/s, the peak spectral amplitude
increases by 5% and 14.2%, respectively, while it decreases by 5% and
11.2% when the currents are following. The peak frequency is also
shifted, as observed in the inset plots. Increasing the absolute value
of the current speed results in a more significant alteration of the peak
value and changes the shape of the wave spectrum. Furthermore, for
opposite currents, the high-frequency tails of the spectra are adjusted
using Eq. (35) with a Phillips’s constant, A*, of 0.015. Accordingly,
the wave spectra are truncated beyond the cutoff frequency, and the
cutoff frequency (i.e. cutoff 0.244 Hz, 1.532 rad/s) is chosen to
be four times the peak spectral frequency (i.e. peak 0.061 Hz,
0.383 rad/s) (Jonkman, 2007). The results in Fig. 5 shed light on
the fundamental physics of wave—current interaction in extreme and
operational conditions at the reference site, Gran Canaria. The follow-
ing subsections demonstrate the implications of these findings on the
dynamic responses of the W2Power FOWT.
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Fig. 5. Current effect on (left) the free surface elevation, 7(0,7), for a regular wave of H =3.85 m and T = 6.2 s; and (right) the reduced JONSWAP spectrum of H, = 4.63 m and
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5.2. Effect of wave—current interaction on motion dynamics

The simulation results for the FOWT system’s motion responses un-
der an operational load case (LC11) of an irregular wave with uniform
current are shown in Fig. 6. The presence of the current induces offsets
in the FOWT’s structural responses and alters the system’s equilibrium
position; thereby, the current influences both the static and dynamic
responses. To account for the current effect in simulating WCI load
cases in OrcaFlex, the platform was first subjected to a pure current
until it reached its static position. This new static position was then im-
plemented in OrcaFlex, and the floater object’s DoFs were deliberately
deselected; by doing so, the current-modified wave file’s effect on the
platform’s static analysis was incorporated. The simulations were run
for 3800 s, with 200 s allotted for wave build-up and transient effect
elimination. Thus, each load case analysis is an hour (3600 s) coupled
simulation, which is enough for identifying the characteristics of the
system dynamics according to the standards (DNV, 2019).

Fig. 6 illustrates the effect of wave—current interaction on the trans-
lational and rotational DoFs of the platform. Note that, herein, the
mean values have been omitted to focus on the dynamic behaviour
of the motion responses. Surge and heave DoFs were the most af-
fected, while the pitch was moderately impacted, and the rest were
less influenced. Despite wind damping the effect of WCI, there were
slight changes in the mean values of surge, heave and pitch due to
this interaction with a current speed of 0.3 m/s. Hypothetically, the
interaction’s effect should be more pronounced in the absence of wind,
which is demonstrated in Fig. 7 for an extreme case of a current speed
of 0.8 m/s. As can be seen, the mean values of the surge and heave
decrease in the presence of the following current and increase with the
opposing current due to the current drag force. Moreover, the relative
maximum and minimum values are amplified by an opposing current,
whereas a following current attenuates them.

The mean, maximum, and standard deviation of the surge, heave,
and pitch motion responses are provided in Table 5. It can be seen
that an opposing current increases the mean values of the three motion
responses while a following current decreases them. In the absence of
wind, the opposing current can increase the maximum surge and heave
responses by up to 40% when interacting with regular waves (i.e. LC2
and LC4). On the other hand, when interacting with irregular waves
(i.e. LC6 and LC8), the opposing current can increase surge motion
by up to 26% and heave motion by up to 30%, while the following

current decreases both surge and heave motions (i.e. LC1, LC3, LC5
and LC7). The interaction has minimally affected the pitch motion, even
though this can induce an extra restoring force in the negative heave
direction. Accordingly, the heave response has experienced alterations
when considering the nonlinear coupling effect of heave and pitch
responses, particularly for a single-point mooring system (Li et al.,
2018; Qu et al., 2020).

The inclusion of wind speed in operational load cases induced
stronger responses of surge, heave, and pitch in operational sea states
compared to extreme sea states, as highlighted in Table 5. This ob-
servation is attributed to the significant impact of wind on FOWTs,
even when parked under extreme sea conditions. The aerodynamics
of wind are expected to be the dominant loading in extreme wind
events, potentially diminishing the comparative impact of WCI on the
floating system. The deliberate exclusion of wind in extreme sea states
aligns with the rationale of highlighting the impact of WCI during
conditions where it might be more pronounced. Nevertheless, it is
imperative to acknowledge the significant impact of wind on the twin-
turbine system and the importance of including it in the operational
conditions. Thus, these load cases (LC9-LC12) were selected to mirror
the environmental conditions of the reference site, providing additional
insights into the system’s behaviour under realistic scenarios (Chen and
Basu, 2018). These findings underline the significance of simulating
holistic environmental conditions, encompassing both wind and WCI
dynamics, to comprehensively estimate the dynamics of FOWTs. Hence,
it is crucial to understand the intricate interaction between wind and
wave-current dynamics and their combined implications.

5.3. Effect of wave—current interaction on mooring dynamics

The effect of WCI on mooring dynamics is studied by analysing the
effective tension at each line’s fairlead. Figs. 8 and 9 show the statistical
results of the mooring tension’s time series. The configuration of the
three mooring lines is depicted in Fig. 3.b, with mooring line A aligned
along the positive X-axis. Given the mooring system’s symmetry with
respect to the X-axis, the responses of mooring lines B and C are iden-
tical. The emphasis is, therefore, on presenting the outcomes of lines A
and B. In order to provide a clearer illustration of the effect of WCI, the
results are presented separately for extreme load cases (LC1-LC8) and
operational load cases (LC9-LC12) under favourable and adverse cur-
rent scenarios. WCI was found to impact the mooring lines’ mean and
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maximum fairlead tension; in particular, the interaction significantly
impacts the maximum tension, while their effect on the mean tension is
insignificant, see Figs. 8 and 9. For mooring line A, as depicted in Fig. 8,
when regular waves (extreme cases: LC1-LC4) interact with a following
current, the maximum tension increases, whereas the opposite effect is
observed for an opposing current, with a difference of up to 22%. In the
worst-case modelled scenario (LC10), incorporating interaction resulted
in a maximum fairlead tension increase of up to 3000 kN, compared
to approximately 2450 kN without interaction, indicating a significant
23% increase. The changed surge brought on by WCI may account for
these tension load differences. Hence, this highlights the importance
of properly handling the increased fairlead tension in mooring design.
Therefore, WCI should be included in mooring standards since they par-
tially minimise the uncertainty of the estimated loads, thereby reducing

10

the substantial safety factors that mooring systems are conventionally
designed with.

Conversely, line B exhibits the opposite behaviour of the mooring
load. Furthermore, despite the negligible effect of interaction on mean
line tension for regular waves, an apparent impact was seen in the sea
states of the short periods (LC3 and LC4; LC9 and LC10). This can be
ascribed to the nonlinearity inherent in the stiffness of the catenary
mooring system. Additionally, the dynamics of FOWT in regular seas
depend not solely on the effect of current on the wave amplitude
but also on the wave frequency due to the resonance effect. On the
other hand, differences of up to +10% have been recorded due to
the accounting of such interaction, which is mainly dependent on the
arrangement of the mooring cables in relation to the loading conditions.
Furthermore, it is important to note that the tension of mooring lines
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Table 5
Statistical comparison of FOWT motion responses considering wave—current interaction.
LC Coupled model Surge (m) Heave (m) Pitch (°)
No. With/No WCI Mean Max StdDev Mean Max StdDev Mean Max StdDev
1 No WCI 0.404 2.139 1.231 0.065 1.068 0.910 0.084 0.910 0.583
With WCI 0.229 3.612 2.347 0.037 3.725 2.520 0.036 0.885 0.591
9 No WCI 0.043 2.978 1.289 0.097 1.312 0.741 0.008 0.963 0.435
With WCI 0.072 3.606 2.544 0.050 4.792 3.371 0.031 0.512 0.333
3 No WCI 1.529 2.076 0.381 0.069 0.320 0.172 0.096 0.526 0.298
With WCI 0.155 2.952 1.953 0.024 3.200 2.126 0.023 0.709 0.472
4 No WCI 0.720 1.093 0.435 0.123 0.688 0.240 0.031 0.799 0.180
With WCI 0.129 5.070 2.174 0.097 4.406 2.815 0.006 0.956 0.400
5 No WCI 0.385 3.481 0.873 0.045 1.743 0.519 0.057 1.540 0.436
With WCI 0.282 3.937 0.843 0.033 1.811 0.514 0.043 1.589 0.394
6 No WCI 0.136 2.944 0.872 0.017 1.821 0.603 0.025 1.447 0.423
With WCI 0.212 2.964 0.912 0.025 1.952 0.622 0.037 1.739 0.483
; No WCI 0.781 3.225 0.600 0.045 0.836 0.196 0.062 1.260 0.306
With WCI 0.512 2.527 0.493 0.035 0.712 0.186 0.047 1.098 0.293
8 No WCI 0.327 1.146 0.403 0.138 0.985 0.235 0.012 0.825 0.169
With WCI 0.692 2.225 0.400 0.050 1.128 0.217 0.069 1.291 0.307
9 No WCI 2.587 4,113 0.466 2.488 4.182 0.483 3.223 5.435 0.635
With WCI 2.581 4.952 1.099 2.496 5.398 1.091 3.240 5.529 0.636
10 No WCI 2.652 4.155 0.417 2.490 4.257 0.473 3.229 5.552 0.622
With WCI 2.527 5.090 1.087 2.481 5.481 1.257 3.222 5.265 0.635
1 No WCI 2.626 4.168 0.485 2.494 4.219 0.517 3.230 5.528 0.682
With WCI 2.638 4,192 0.485 2.496 4.253 0.521 3.232 5.512 0.687
12 No WCI 2.627 4.056 0.435 2.491 4.287 0.505 3.230 5.621 0.667
With WCI 2.628 4.060 0.431 2.491 4.277 0.500 3.231 5.639 0.661
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Fig. 8. Effect of wave-current interaction on the mooring tension of line A for different load cases: (a) extreme; (b) operational.

is intricately connected to the surge motion, which is prominently
influenced by the presence of the current (Pillai et al., 2018).

5.4. Effect of wave—current interaction on nacelles dynamics

Ensuring the nacelle accelerations of a FOWT system remain within
acceptable limits is crucial for its safe operation in a specific location.
Thus, the impact of wave-current interaction on the magnitudes of
nacelle accelerations (G) and their longitudinal (surge), transverse
(sway), and vertical (heave) components, denoted as G,, Gy, and G,,
respectively, are analysed for four operational load cases. The findings
are presented in Figs. 10 and 11; and Table 6. Fig. 10.a demonstrates
that incorporating interaction reduces the maximal longitudinal ac-
celeration, G,. This reduction is particularly pronounced for regular
waves (i.e. LC9 and LC10), where a decrease of up to 48% is observed,
whereas irregular waves (LC11, LC12) experienced a drop of up to
22%. Consequently, these reductions notably influence the mean values

11

of acceleration magnitudes, which decrease by approximately 50%
and 10% when considering the current interaction with regular and
irregular waves, respectively (Fig. 10.b). Since WCI was not relevant
for the operational cases and as well as the pitch response was found
to be less impacted by such interaction. Thus, the significant changes
observed in the G, could be attributed to the WCI-altered surge.
Furthermore, Table 6 summarises the statistics for nacelles accel-
erations. Notably, incorporating wave—current interaction reduces the
minimum, mean, maximum, and standard deviation values, further em-
phasising the impact of WCI on the nacelle dynamics. On the contrary,
the statistical distribution presented in Fig. 11 reveals minor differences
in the transverse G,) and vertical (G,) accelerations when considering
the interaction effect. These subtle variations can be attributed to the
collinearity of the environmental conditions. It is worth noting that the
wind, with a speed of 11.4 m/s, opposes the direction of the waves.
Given the dominance of these loads (wind and wave), distinguishing
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Fig. 10. Effect of wave—current interaction on nacelles accelerations under operational conditions: (a) longitudinal component (G,); (b) total acceleration (G).

Table 6

Statistical comparison of nacelles’ accelerations under operational conditions considering wave-current interaction.

LC Coupled model Nacelle A acceleration, G (m?/s) Nacelle C acceleration, G (m?/s)

No. With/No WCI Min Max Mean StdDev Min Max Mean StdDev
No WCI 7.01E-2 5.19E-1 2.30E-1 7.87E-2 1.71E-2 3.97E-1 1.50E-1 6.58E-2

9 With WCI 3.84E-3 2.83E-1 9.57E-2 3.47E-2 1.88E-3 2.57E-1 8.96E-2 3.12E-2

10 No WCI 7.01E-2 5.09E-1 2.19E-1 7.84E-2 1.97E-2 4.18E-1 1.62E-1 6.80E-2
With WCI 4.44E-3 2.64E-1 1.04E-1 3.45E-2 5.65E-3 2.53E-1 9.90E-2 3.23E-2

11 No WCI 1.71E-3 5.14E-1 1.25E-1 6.72E-2 1.45E-3 4.01E-1 9.744E-2 5.23E-2
With WCI 2.34E-3 3.92E-1 1.11E-1 5.90E-2 2.08E-3 3.26E-1 8.91E-2 4.67E-2

12 No WCI 4.58E-3 4.94E-1 1.21E-1 6.60E—2 1.45E-3 3.97E-1 9.90E-2 5.35E-2
With WCI 1.89E-3 4.83E-1 1.17E-1 6.33E-2 1.86E-3 4.01E-1 9.63E-2 5.18E-2

the specific influence of the current, with a speed of 0.3 m/s, becomes
challenging when it is either following or opposing.

To delve further into the impact of WCI on nacelle structural re-
sponses, time series for regular waves and power spectral density (PSD)
for irregular waves are depicted in Figs. 12 and 13, respectively. These
plots are generated from 0 to 3600 s after excluding the 200-second
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transient phase during wave build-up. Mean values have been removed
for the time series plot, and data has been smoothed to emphasise the
dynamics of nacelles’ accelerations. As shown in Fig. 12, the considera-
tion of WCI effectively reduces nacelle accelerations. Fig. 13 illustrates
the impact of irregular waves, indicating an apparent reduction in
acceleration PSDs under the influence of WCI, particularly within the
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Effect of wave-current interaction on translational accelerations of the nacelles under operational conditions: (a) transverse component (G,); (b) vertical component (G,).
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Fig. 12. Time histories of nacelles’ accelerations considering wave—current interaction under operational conditions for regular waves: (left) Nacelle A and (right) Nacelle C.

frequency range of 0 to 0.25 Hz, irrespective of the current direction.
Interestingly, nacelle A exhibited higher acceleration than nacelle C at
very low frequencies.

The observed reductions in nacelles’ accelerations when incorporat-
ing WCI can be attributed to the complex hydrodynamic interaction
caused by the coupling of waves and currents. The intricate WCI
introduces additional forces and moments, thereby modifying the flow
conditions around the entire floating system. These altered flow fields
influence the inertia of the system, which, in turn, contributes to the
system’s dampening response (Goupee et al., 2014). Furthermore, twin
FOWTs add another level of complexity due to the wake interaction
between the rotors, which is not considered in this study. Therefore, the
assessment of their aerodynamics is a topic of ongoing research (Martin
San Roman, 2022).

Commonly, the interaction of the current with the incoming waves
results in a larger excitation force in surge and excitation moment in
pitch. The surge drift force also changes with the current-altered wave
height (Chakrabarti, 1984). Unlike conventional offshore structures,
FOWTs are distinguished by their towering superstructures. These tow-
ers lead to a significant rotor displacement from even a minor pitch
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motion of the floating platform. Moreover, in this peculiar FOWT
design with a single-point mooring system, the presence of wind could
potentially tilt the platform, inducing pitch motion and vibrations in
the tower fore-aft that could affect nacelle acceleration (Antonutti
et al., 2016). Consequently, it impacts the generated power efficiency
and contributes to the accumulation of fatigue loads. Therefore, the
inclusion of WCI is considerably effective for capturing more accurate
wind-wave effects. Then, a trade-off between vibration reduction and
rotor speed enhancement could be advantageous for extending the
operational life of wind turbine components.

6. Conclusions

This study investigates wave—current interaction effects on the
W2Power FOWT, which is equipped with a pair of NREL 5SMW wind tur-
bines and moored to the seabed using a single-point mooring system of
conventional catenary configuration with three lines made of studless
chains. Two analytical models were developed to analyse current inter-
action with regular and irregular waves. The effects of following and
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Fig. 13. Power spectral densities of nacelles’ accelerations considering wave—current interaction under operational conditions for irregular waves: (left) Nacelle A and (right)

Nacelle C.

opposing currents on wave characteristics were investigated, revealing
alterations in the regular and stochastic wave fields. WCI models are
then integrated with the OrcaFlex programme to analyse the dynamic
responses of the floating system. The simulations involved various
loading scenarios, including current-only, wave-only, and wave-current
with and without interaction. The key findings are as follows:

The presence of current significantly impacts the FOWT’s static
equilibrium and, consequently, its mooring system’s operational
point and motion dynamics.

WCI significantly affects the translational motion response of the
FOWT system, while rotational motion is relatively unaffected.
The mean values of surge and heave decreased with a following
current and increased with an opposing current, resulting in
differences of up to +26% and +30%, respectively.

WCI impacted the mooring system’s dynamics, with notable ef-
fects observed on the maximum tension at the fairlead, while the
mean tension was insignificantly affected. For regular seas, the in-
teraction can lead to differences of up to +22.5% in the maximum
tension, depending on the current direction and mooring layout.
For irregular seas, the differences were up to +10%.

WCI was found to minimise maximum longitudinal acceleration
(G,) substantially. G, has experienced a notable decrease of up to
48% in regular seas, while a drop of up to 22% in irregular ones.
Transverse and vertical accelerations showed slight variations due
to the collinearity of environmental conditions along the X-axis.

The analysis highlights the significance of incorporating WCI to
accurately simulate the dynamic responses of FOWTs and ensure op-
erational safety. The current framework and results of the parametric
studies presented in this paper can be the basis for the applications
of advanced wave—current interaction models in future studies. For
instance, nonlinear WCI models, such as those developed by Moreira
and Peregrine (2012), can be established to account for more nonlinear
effects of such interaction and their implications on the structural
responses of FOWTs. Future work will involve the validation of the de-
veloped numerical models through tank testing experiments conducted
at the Facility (Ingram et al., 2014). This study rigorously examines the
FOWT dynamics under extreme sea states and operational conditions,
adopting a simplified rigid body approach for the floater subjected
to environmental loads. Thus, future research should also consider
incorporating floater flexibility in numerical modelling.
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