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Abstract 

 

Interest in floating offshore wind as a renewable energy source is growing, as it 

offers the potential to access deeper waters than those suited to bottom-fixed 

offshore turbines. A key design challenge for floating offshore wind turbines 

(FOWTs) is capturing the aerodynamic behaviour using numerical models, which 

is significantly more complex than for bottom fixed turbines due to the motions of 

the floating platform that result in unsteady relative wind flow at the rotor. Many 

of the engineering models available for analysing wind turbine aerodynamics 

such as the blade element momentum (BEM) method were designed for fixed 

turbines and require empirical corrections to account for unsteady aerodynamic 

effects, and may not be suitable for analysing the more complex aerodynamics 

associated with FOWTs. Higher order modelling approaches including 

computational fluid dynamics (CFD) may offer improved accuracy as they capture 

more of the flow physics, however, they can have extremely high associated 

computational costs. In this thesis, the performance of different aerodynamic 

models for FOWTs is investigated by studying the motion and load response of 

a FOWT in a range of load cases covering operational and extreme conditions 

using a BEM method and two different CFD-based models.  

Firstly, the BEM method used in the wind turbine engineering tool FAST is 

compared with an actuator line model (ALM) from the CFD wind turbine code 

package SOWFA for a range of load cases. Comparisons are made in load cases 

that have specific challenges for FOWTs and where the BEM method has known 

limitations, including rotor misalignment with the wind due to yaw, and varying 

wave conditions. The two modelling approaches are then used to study FOWT 

behaviour in realistic operational and extreme environmental conditions, and the 

model results are compared against available field data from full scale FOWT 

demonstration projects. The impact of using high order large eddy simulation 

(LES) to generate a turbulent wind field is also compared against a lower order 

statistical approach. Finally, a high order modelling approach is proposed that 

couples a geometry-resolved CFD model of a wind turbine blade with a structural 

model based on 3D finite element analysis (FEA) to enable two way coupled fluid 

structure interaction simulation. This model provides detailed information on the 
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loading and deformation of blades, and is compared against FAST for studying a 

large flexible wind turbine blade in the parked and feathered position. 

This research provides improved understanding of the impact that the choice of 

aerodynamic and wind models have on the predicted response of a floating 

offshore wind turbine. ALM predictions are found to diverge from BEM predictions 

in increasingly large rotor yaw misalignment angles. Turbine loads and platform 

motions are found to be sensitive to the atmospheric stability condition, with 

stable conditions having a significant effect, however the use of high fidelity LES 

modelling of neutral conditions has little effect on turbine response (in either 

operational or extreme conditions) compared to using more efficient statistical 

modelling of turbulence using the Kaimal model.  

The results of the presented comparisons in this work are used to make 

recommendations on the use of different models in the design process for 

FOWTs. It is found that FAST is suitable for the majority of load cases, and may 

provide improved predictions of a FOWT in extreme conditions over an ALM that 

may underestimate aerodynamic loading on the tower. However, an ALM may 

provide improved predictions for a yawed turbine. The use of a high fidelity 

coupled CFD-FEA approach has potential to be a useful tool for analysing the 

detailed response of highly flexible blades where low fidelity methods are less 

reliable, though further work is needed to validate the modelling.  
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Chapter 1   

Introduction 

1.1 Background and Motivation 

As the world faces a climate crisis caused by the burning of fossil fuels, the need 

for transition to clean, renewable sources of energy is becoming increasingly 

urgent. Of the renewable energy technologies available, wind energy is one of 

the most mature. Offshore wind in particular offers a high potential for energy 

production due to higher average wind speeds and lower turbulence levels than 

wind over land, and is projected to grow rapidly in the next few decades. The 

offshore wind capacity in the UK was approximately 14 GW either commissioned 

or under construction in 2021, and a target of 40 GW capacity by 2030 was set 

by the UK government [1]. In 2019, the Committee on Climate Change (CCC) 

recommended that the UK would need 75 GW of offshore wind installed capacity 

by 2050 in order to meet its net zero obligations [2]. 

Bottom fixed offshore wind turbines are typically limited to water depths of up to 

50 m. The use of floating foundations means that offshore wind turbines can be 

installed in much deeper waters, which offers the potential for offshore wind farms 

further from the shore, where the wind speed is higher and more consistent than 

nearshore sites [3]. As shown in Figure 1.1, offshore wind farms are being 

installed with increasing distance from the shore [4]. In order to meet ambitious 

offshore wind targets, floating offshore wind will therefore play a key role. Floating 

offshore wind turbines (FOWTs) also have other advantages over bottom fixed 

offshore wind turbines, including potential avoidance of NIMBY (‘Not in my back 

yard’) criticism since they can be installed further from shore, and lower 

associated installation costs [5]. 
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Figure 1.1: Average distance of new offshore wind farms (OWF) from the shore in Europe [4]. 
Values for 2025 and 2030 are predicted according to current trends. 

Floating offshore wind turbines have several unique engineering challenges 

associated with their design, including maintaining steady power output whilst 

ensuring platform stability as the turbine is subjected to loading from wind, waves, 

current and other sources of loading in the offshore environment [6]. Deployment 

in deeper waters further from shore also results in floating offshore wind turbines 

being exposed to harsher environments [7]. The dynamic behaviour of FOWTs is 

fundamentally different to that of onshore or bottom fixed offshore turbines due 

to the added dynamics associated with the floating platform. This changes the 

design requirements of floating turbines compared to their bottom fixed 

counterparts. In order to design more cost effective FOWTs, the dynamic 

response of the structure must be well understood, which requires extensive 

physical or numerical modelling. 

As Figure 1.2 shows, floating offshore wind is growing substantially but is still 

relatively new technology [8]. The availability of data for full scale floating offshore 

wind turbines is currently extremely limited. Experimental testing using physical 

models is expensive and often has its own challenges associated with using a 

scaled down version of the intended utility scale design, and so the design 

process for FOWTs therefore relies heavily on numerical modelling.  
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Figure 1.2: Growth in global deployed capacity of floating wind [8] 

Many of the available numerical modelling tools were developed for fixed 

turbines, whilst the tools used for analysing platform hydrodynamics and mooring 

dynamics are adapted from the offshore oil and gas industry [9]. However, 

FOWTs are complex systems and there exist various couplings between the 

different dynamics which must be taken into account [10]. The fundamentally 

different dynamic behaviour and design requirements may therefore mean that 

traditional analysis tools are not always applicable for FOWTs. 

1.2 Aims and Research Questions 

Designs for FOWTs rely on accurate computational models that are able to 

predict the dynamic behaviour of the structure in response to wind and wave 

loading. Understanding the aerodynamics of wind turbines is crucial in order to 

be able to predict power output and therefore design turbines with a minimal cost 

of energy whilst also avoiding potential structural failure during extreme load 

conditions. Many of the engineering models available for analysing wind turbine 

aerodynamics were designed for fixed turbines, and may not take into account 

the fundamentally different aerodynamics of a FOWT due to the motions of the 

floating platform. However, more complex models that capture all of the flow 

physics using computational fluid dynamics (CFD) can have extremely high 

computational costs. It is difficult to know where low order engineering tools are 
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sufficient and where higher order models are necessary without validation against 

reliable data for full scale turbines.  

The overall aim of this thesis is to provide an assessment and comparison of 

leading numerical models that are used to improve understanding of floating 

offshore wind turbine behaviour, and recommendations for the use of these 

models based on this assessment. The focus of this work is on aerodynamic 

modelling. The research questions that were identified and determined in order 

to achieve this aim are as follows: 

 How does the widely used blade element momentum theory compare with 

higher fidelity CFD based actuator line modelling for simulating the 

aerodynamic loads of a FOWT? 

 How well do numerical models perform against experimental data for 

FOWT behaviour in realistic operational and extreme conditions? 

 To what extent does the modelling approach for the wind input impact the 

behaviour of numerical models of FOWTs? 

 How can high fidelity fluid structure interaction modelling help to inform on 

FOWT behaviour compared to more commonly used low fidelity models? 

1.3 Contributions of this Work 

The original contributions of this thesis are summarised as follows: 

 Comparative analysis of blade element momentum and actuator line 

models within a coupled aero-servo-hydro-elastic modelling framework 

applied to FOWTs. 

 Improved understanding of the ability of widely used aerodynamic models 

to capture FOWT behaviour in a range of load cases, including operational 

and extreme environmental conditions, through validation against 

available field measurements. 

 Proposal and demonstration of a high fidelity CFD and FEA based 

approach using open source tools for modelling the behaviour of a large 

flexible wind turbine blade typical of floating offshore wind turbine designs, 

and comparison against low order modelling. 
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 Recommendations for the use of aerodynamic models with different levels 

of complexity in the design process for FOWT rotors and blades. 

1.4 Thesis outline 

Chapter 2 investigates the modelling approaches for the wind and turbine 

aerodynamics used in the literature, and reviews progress made in validating 

numerical tools against experimental data for FOWTs. Chapter 3 describes the 

methodologies, chosen from those surveyed in Chapter 2, that are used in the 

numerical modelling presented in this thesis, and introduces the computational 

tools used to implement the models.  

The implementation of the numerical models is explored in Chapters 4 to 6. 

Chapter 4 compares a low order blade element momentum (BEM) model with a 

mid-fidelity actuator line model (ALM) based CFD approach for modelling FOWT 

response in a range of cases involving uniform wind input and regular waves. The 

impacts of yaw misalignment, wind-wave misalignment, wave height and wave 

period on rotor and platform behaviour are studied. Chapter 5 investigates the 

ability of low and high order numerical models to accurately predict FOWT 

behaviour in realistic operational and extreme conditions by comparing model 

results against measurements from two floating wind turbine demonstration 

projects. Chapter 6 introduces a new high order model for performing fluid 

structure interaction simulations of a large flexible wind turbine blade using CFD 

and FEA.  

Chapter 7 discusses the results presented in chapters 4-6. Finally, concluding 

remarks are presented in Chapter 8. The structure of this thesis is illustrated in 

Figure 1.3. 
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Chapter 2  

Literature Review 

 

This chapter reviews the progress made in creating reliable numerical models of 

floating offshore wind turbines. An overview of the unique design requirements 

and challenges associated with modelling FOWTs compared to their bottom fixed 

counterparts is first presented. A range of established numerical models for 

analysing the different components of FOWT dynamics are then reviewed. Some 

examples of different codes and numerical tools that take into account the 

complex coupled dynamics of floating offshore wind turbines are also reviewed.  

2.1 Design Considerations for Floating Offshore Wind Turbines 

Floating offshore wind turbines present a number of unique challenges that must 

be addressed in the design stage. The design process for wind turbines requires 

both numerical and physical modelling of the turbine system. Numerical models 

are important because they allow for a wide range of load cases to be modelled 

at a lower cost than physical models, which often have their own challenges 

associated with using a scaled down version of the intended utility scale design 

[11]. The purpose of modelling is to improve understanding of the structure’s 

behaviour in order to be able to make improvements to the design that will 

ultimately reduce costs. The aim of design optimisation procedures for wind 

turbines and their components is often to reduce the levelised cost of energy 

(LCOE), which may involve improving annual power output, reducing component 

mass and therefore material costs, and reducing operation and maintenance 

costs among other factors [12,13]. This section examines some of the modelling 

requirements and challenges specific to floating offshore wind turbines, with a 

primary focus on challenges associated with FOWT aerodynamics. 
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2.1.1 Floating Platform Considerations 

The key difference between a FOWT and a bottom fixed turbine by nature is the 

use of a non-rigid, buoyant support structure that is moored to the seabed. A 

fundamental design challenge for floating offshore wind turbines is designing a 

support structure that maintains stability whilst withstanding the overturning thrust 

load from the turbine [10]. Existing designs for floating wind turbines have thus 

far focused design efforts primarily on the floating support structures and mooring 

systems, and utilised existing turbine designs.  

Several designs for FOWT support structures have been proposed and explored 

through experimental testing and demonstration projects. These can be classified 

into three primary designs (illustrated in Figure 2.1 [14]), which each have their 

unique strengths and weaknesses; 

 Semi-submersible or barge type structures feature a large waterplane area 

which enables the structure to maintain stability by creating a stabilising 

moment when the structure is displaced about the rotational axis due to 

the large second moment of area [15]. The concept is well understood, 

due to its common use in offshore oil and gas projects, and is relatively 

simple to install [10]. However, semi-submersible platforms are also prone 

to experiencing large motions, particularly in storm conditions [16]. 

 Spar buoy concepts feature a deep draft and achieve stability through a 

ballast that keeps the centre of gravity of the platform below the centre of 

buoyancy. Spar platforms experience a smaller response to wave forcing 

and therefore less motion than semi-submersible designs due to their 

small waterplane area [17]. The requirement of a deep draft means that 

spar platforms can only be situated in very deep waters. This also presents 

a challenge for assembling and transporting the turbine, as it can only be 

towed through waters of a required minimum depth [18]. 

 Tension leg platforms (TLPs) maintain stability though the use of taut 

moorings and excess buoyancy in the platform. TLPs tend to undergo 

significantly less dynamic response than other floating platform types [19]. 

However, TLPs are also significantly more complex to install than spar or 

semi-submersible platforms, and have a higher risk of becoming unstable 

due to mooring line or anchor failure [15,20].  
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Figure 2.1: Floating offshore wind turbine platform concepts [14] 

Unlike bottom fixed turbines, floating offshore wind turbines are subjected to 

motions due to the six degrees of freedom (6DoF) of the floating substructure, 

which consists of three translational modes (surge, sway and heave) and three 

rotational modes (roll, pitch and yaw). For floating substructures without taut 

moorings, the natural periods of the 6DoF floating motions are typically much 

larger than for other structural degrees of freedom, such as tower bending [21]. 

There is a risk that the platform motion natural periods may coincide with the 

wave periods if the floating structure and mooring system are not designed 

appropriately, which may cause the structure to resonate with very large motions. 

The platform motions may also be influenced by the turbine control system. In 

particular, the platform pitch mode can become unstable in above rated wind 

conditions due to negative damping from conventional blade pitch-to-feather 

control [22]. This is because the steady state rotor thrust, which contributes to 

tower motion damping, decreases as the wind speed increases above the rated 

value. This negative damping can be prevented by ensuring that the lowest pitch 

control natural frequency is lower than the tower natural frequencies [21]. 
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Moorings 

The mooring lines attaching the floating structure to the seabed maintain the 

turbine’s position and orientation, and constrain the motions of the floating 

platform [10]. Moorings contribute to the overall stiffness of the FOWT system, 

and will therefore affect the natural frequencies of the platform motions, 

particularly surge, sway and yaw motions that are not affected by hydrostatic 

restoring [23]. The stiffness properties of the mooring system are therefore an 

important design consideration for FOWTs. For a spar or semi-submersible 

platform, catenary moorings are usually used, which allow for large, low 

frequency motions. For a mooring stabilised TLP, the lines are taut, which results 

in higher natural frequencies for the heave, roll and pitch modes [15]. 

Mooring lines are typically constructed from chains or synthetic rope, whilst the 

choice of anchor type depends on the seabed conditions [10]. Lines may have 

clump weights or buoys attached in order to adjust their stiffness characteristics. 

In order to calculate the forces on the FOWT system due to moorings, numerical 

models must take into account several effects including mooring line compliance 

due to elasticity or geometric flexibility, inertia due to line mass and hydrodynamic 

added mass, damping forces due to internal line damping and hydrodynamic 

drag, and interactions with the seabed [24]. 

2.1.2 Rotor and Blade Considerations 

The design process should also take into account the effect of platform motions 

on the rotor loads, as various complex flow effects associated with the motions 

of the floating platform have been identified. For example, surge and pitch motion 

will introduce an additional fluctuating component to the relative wind speed and 

angle of inflow at the rotor, in addition to complex interaction with the rotor wake, 

which increases unsteady loading on the structure [25]. An aerodynamic 

phenomenon that presents a significant modelling challenge is vortex ring state, 

which has been observed where the rotor interacts with its own wake due to surge 

and pitch motions and acts as a propeller [9,26]. This leads to increased 

turbulence and may result in more frequent occurrence of dynamic stall, which 

increases loading on the blades. The yaw and pitch modes of the platform will 

also result in fluctuations in the orientation of the rotor, which may cause the 

turbine to be more frequently misaligned with the oncoming wind. This leads to 



28 
 

increased unsteady loading on blades due to the varying local angle of attack as 

the rotor rotates in misaligned conditions, which may also increase fatigue loading 

[27]. 

The structural response of the turbine must also be taken into account in the 

design process. The average turbine size in offshore wind farms has increased 

dramatically in the past few decades, from less than 1 MW prior to 2000 to around 

6 MW in 2020, with a corresponding rotor diameter increase from less than 50 m 

to over 150 m, and is expected to continue to increase for the foreseeable future 

[28]. The growth of offshore wind turbine size is illustrated in Figure 2.2 [29]. In 

order to reduce material cost and weight, these increasingly long wind turbine 

blades are becoming more flexible. Aerodynamic loading on blades therefore 

leads to deflections, and they are more susceptible to aeroelastic issues such as 

flutter that can damage the structure [30]. 

 

Figure 2.2: Growth in offshore wind turbine rated power and size [29]. 

2.1.3 Offshore Wind and the Atmospheric Boundary Layer 

Wind turbines operate in a region of airflow whose characteristics are strongly 

influenced by the physical and thermal properties of the local ground or sea 

surface, known as the atmospheric boundary layer (ABL). The structure of this 

boundary layer is dependent on the thermal stratification. If the ground or sea 

surface is warm relative to the surrounding air, the warm air close to the surface 

rises, which subsequently increases shear driven turbulence and increases the 

boundary layer depth to the order of 1 km. This is known as a convective or 

unstably stratified boundary layer. A stable boundary layer occurs when the 

surface cools the nearby air, and is characterised by less turbulence and a 
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decreased boundary layer depth. If the air temperature is constant with height, 

the ABL is neutrally stratified. The stability of the ABL often varies with a diurnal 

cycle, particularly over land, where the ABL becomes unstable during the day 

and stable at night [31]. In offshore environments, the probability of stable, 

unstable or neutral ABL conditions is site dependent, although low wind speeds 

tend to correlate with more strongly stable or unstable conditions [32]. 

Measurements of offshore wind in the North Sea presented by Cheynet et al. [33] 

indicate that unstable conditions are prevalent, particularly at low wind speeds. 

The wind profile in an atmospheric boundary layer is characterised by varying 

wind speed with height, known as vertical wind shear. In general, wind speed 

increases with height from the ground or sea surface. Stronger vertical wind shear 

is typically observed in stable conditions, whilst the unstable boundary layer may 

have close to zero and even occasionally negative vertical wind shear [32]. This 

variation in wind speed introduces cyclic loading on the rotating turbine blades, 

which may be particularly significant for large offshore wind turbines whose rotors 

cover a large range in height. In a recent review by Micallef and Rezaeiha [34], 

consideration of the coupled effects of complex inflow conditions (including 

turbulence and wind shear) and platform motions on FOWT loads and fatigue 

was identified as a significant future challenge for floating offshore wind research. 

The International Electrotechnical Commission standard for wind turbine design 

IEC 61400-1 [35] specifies two statistical turbulence generation models for 

simulating turbulent wind inflow for wind turbines; the Kaimal spectrum 

exponential coherence model [36] and the Mann uniform shear turbulence model 

[37]. Both models are only able to model neutral atmospheric conditions.  

The importance of atmospheric stability when studying offshore wind turbine 

loads has been highlighted. Putri et al. [38] found that unstable atmospheric 

conditions correspond to a significant increase in damage equivalent loads for a 

FOWT tower compared with neutral conditions, due to the increase in low 

frequency wind energy content and turbulence intensity. It was also shown that 

the yaw mode of a spar type FOWT is particularly sensitive to changes in 

turbulence. Doubrawa et al [39] showed that the turbine response is sensitive to 

atmospheric stability even when turbulence intensity does not change. In 

addition, they found that the Mann model matched more closely with LES at low 
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wind speeds whilst the Kaimal model showed a better match in high winds, 

suggesting that the Mann model may lead to overly conservative design due to 

higher predicted fatigue loads. However, this work did not include any validation 

against measured data, instead using LES as a benchmark.  

2.1.4 Extreme Conditions 

Extreme storm events such as hurricanes or typhoons are characterised by high 

wind speeds and gusts, high turbulence levels, changeable wind directions and 

very large waves [40,41]. This can cause damage to offshore structures including 

wind turbines. Many sites targeted for offshore wind development are in regions 

that are susceptible to such extreme events. For example, some regions of the 

South China Sea, which of China’s seas is considered to have the highest 

potential for offshore wind development, experience up to seven typhoons on 

average per year [42]. Consideration of the impact of extreme storm events is 

therefore vital to ensure the survival of wind turbines. 

For simulation of extreme conditions, the IEC 61400-3 standard for offshore wind 

turbine design specifies a number of extreme design load cases (DLC 6.x) to 

determine the ultimate and fatigue loads when the wind turbine is parked or idling 

[43]. These load cases involve the site-specific extreme wind and sea states with 

a 1- and 50-year return period. Performing a numerical analysis of floating 

offshore wind turbines in such conditions presents additional challenges, since 

many simplifications made in the numerical models may not be valid. For 

example, Nematbakhsh et al. [44] performed simulations of a spar type floating 

wind turbine in an extreme sea state using a high fidelity CFD approach, and 

found that the turbine experienced responses that would be very difficult for a 

linear solver to capture such as large platform pitch angles (larger than 10°), 

mooring tether slacking and complete submergence of the platform. 

In an extreme event, such as a tropical cyclone or typhoon, the turbine rotor will 

most likely be idling with fully feathered blades due to the extreme wind speeds. 

Ma et al. [45] studied the aerodynamic performance of a fictitious spar type 

floating wind turbine in a typhoon using anemometer data recorded during 

typhoon Damrey. The sampled wind data covered the three hour period just 

before the wind speed rose above the turbine cut out wind speed, during which 

the aerodynamic loads would be largest since the turbine is still in operation. The 
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study indicated that a floating wind turbine operating in a typhoon may experience 

very large responses in the rotor thrust, rotational speed and power due to blade 

pitch angle errors in the control system. To mitigate this, it was suggested that 

the turbine is shut down in advance of extreme events. Only collinear wind and 

waves were modelled, and no changes in wind or wave direction were 

considered. A study by Li et al. [46] found that the maximum response of a 

semisubmersible FOWT in a typhoon does not necessarily correspond with the 

most extreme wind or wave state. They recommend that the sea state during the 

two hours before and after the maximum wind speed and wave height should be 

simulated in order to obtain a reliable estimate of the maximum response.  

Tanaka et al. [47] validated an in house numerical code for simulating a floating 

offshore wind turbine in typhoon conditions against measured field data from the 

demonstration project turbine ‘Haenkaze’, which was exposed to typhoon 

Prapiroon in 2018. It was found that the numerical model was able to predict the 

response well apart from the platform yaw motion, which was significantly 

overpredicted compared to the measured data from the turbine, though the 

predictions were improved when spatial variation in the wind was taken into 

account.  

2.2 Review of Numerical Modelling Approaches Applied to Floating 

Offshore Wind Turbines 

In order to analyse the impacts of wind, wave and current loads on the dynamic 

behaviour of a floating offshore wind turbine, several approaches have been 

adopted in the literature. Many of the aerodynamic models frequently applied to 

wind turbines are no longer sufficient on their own for accurately describing the 

behaviour of floating wind turbines unless they consider the effect of platform 

motion on the relative inflow at the rotor. Also, as new designs for floating wind 

turbines follow the trend of increasing size and the structures become more 

flexible, analysis of structural response becomes more important. In this section, 

different approaches to modelling the different components of the dynamic 

behaviour of floating offshore wind turbines are reviewed in order of increasing 

levels of complexity and fidelity. 
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2.2.1 Wind Turbine Aerodynamics 

2.2.1.1 Blade Element Momentum Theory  

The blade element momentum method is the most widely used aerodynamic 

model in engineering tools for wind turbine analysis [48]. The model combines 

simple momentum theory with blade element theory [49]. Momentum theory 

forms the basis for the simplest models of wind turbine aerodynamics, where the 

rotor is modelled as an actuator disk that extracts momentum from the wind flow. 

The aerodynamic forces are then calculated based on the principle of momentum 

conservation. Using two dimensional blade element theory, the effects of rotor 

geometry on wind turbine aerodynamics are considered, and the local thrust and 

torque forces are calculated based on the lift and drag characteristics of the local 

aerofoil section. When the equations for the rotor forces from these two theories 

are combined, the induced axial and tangential velocity at the rotor can be 

estimated through an iterative procedure, and the power and thrust are 

subsequently calculated. The method involves splitting the rotor disk into a finite 

number of annular rings and calculating the forces at each radial position. The 

actuator disk and annular ring concepts are illustrated in Figure 2.3. The theory 

assumes that there is no radial interaction between the flows through 

neighbouring rings [50].   

BEM theory based methods are simple and inexpensive to run, making them 

useful for the early stages of the design process where a large number of initial 

designs are analysed. However, BEM theory suffers from a number of limitations, 

and relies on empirical corrections to account for certain conditions. The theory 

assumes that the loading on the rotor is axisymmetric and that there is no radial 

component to the flow so that each radial element of the rotor can be treated 

independently, however this assumption is invalid for cases involving misaligned 

inflow [51]. A skewed wake correction model is applied to account for this, such 

as the Pitt/Peters correction [52]. However, this correction is known to be 

unreliable since it assumes a cylindrical wake, which is only valid for lightly loaded 

rotors [49]. 
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The BEM method also does not take into account vortex shedding at the blade 

tip and root since the discrete blades are not modelled, and so loading in these 

regions is overpredicted [50]. The tip/hub loss correction factor developed by 

Prandtl is most commonly used to account for this; however, several alternative 

corrections have been proposed more recently that provide improved predictions 

of the force distribution at the tip region such as that proposed by Shen et al. [53]. 

BEM theory is based on the assumption of equilibrium between the momentum 

loss in the flow and the forces acting on the rotor blades, however this assumption  

breaks down when axial induction (described by 𝑎 in Figure 2.3) is high since a 

turbulent wake develops due to the large difference between the freestream and 

wake velocities [50]. The turbulence in the wake increases due to additional flow 

from outside the wake being incorporated into it. Therefore, the velocity of the 
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Figure 2.3: Actuator disk and annular ring representation of a turbine rotor used in BEM theory 
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flow behind the rotor decreases, but the thrust on the rotor continues to increase. 

In this case, BEM theory becomes invalid, and momentum theory instead 

assumes that some of the flow in the far wake begins to propagate upstream, 

which is physically impossible. The Glauert correction model for the thrust 

coefficient is usually applied to account for this, however this may also have 

limitations as this was developed initially as a correction for the entire rotor disk 

rather than for annular rings which are used in the BEM method [49]. The 

momentum balance assumption also becomes invalid when the flow is unsteady 

such as when dynamic stall occurs, and an empirical correction is required to 

account for this [54]. 

The quality of analyses performed using BEM methods are highly dependent on 

the aerofoil data provided; predictions can be improved by using data that is 

corrected for 3D flow effects such as flow separation and stall, or data that is a 

function of the flow Reynolds number in addition to the angle of attack [48].  

For floating offshore wind turbines, the relative inflow at the rotor is inherently 

unsteady due to the motions of the floating platform, which requires a correction 

to the BEM model that accounts for dynamic inflow [34]. FOWT rotors are also 

more frequently misaligned with the incoming flow due to pitch and yaw motion, 

which increases the need for accurate skewed wake corrections. The momentum 

balance assumption is also more likely to break down for FOWTs with large 

platform motion amplitudes [25].  

Even with the aforementioned empirical corrections, BEM may not be suitable for 

all load cases for FOWTs. Implementations of BEM with corrections typically 

involve decoupling the skewed wake correction from dynamic stall modelling, 

which is not appropriate for rotors operating consistently in unsteady or 

misaligned conditions, and therefore presents a potential issue for FOWTs 

[49,55]. BEM with common corrections is also not capable of capturing some of 

the complex aerodynamics conditions specific to FOWTs such as the vortex ring 

state that occurs when the rotor interacts with its own wake due to surge or pitch 

motion [9]. Furthermore, the actuator disk assumption that BEM relies on may be 

violated for rotors with highly flexible blades that experience large deflections, 

which is an increasingly important consideration as turbines continue to increase 

in size [56]. Therefore, higher order aerodynamic analysis may be necessary in 

order to accurately model the complex aerodynamics of FOWTs. 
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2.2.1.2 Potential Flow Methods 

A higher order alternative to BEM is a vortex wake method such as a lifting line 

or surface model. The underlying theory behind these models is that lift force on 

the blades generates a bound circulation that determines the strength of the 

trailing and shed vorticity [57]. In a lifting line method, the bound circulation is 

concentrated in a line along the blade span that is usually at the quarter-chord 

location from the leading edge [58], and the lift is determined from tabulated 

aerofoil data as in the BEM method. Further information on the theory behind 

vortex methods can be found in Katz and Plotkin [59]. A lifting line method with a 

vortex lattice representation of the wake is illustrated in Figure 2.4 [60]. The lattice 

representation is formed of the trailing vortex filaments, which are related to the 

spanwise bound circulation gradients along the lifting line model of the blade, and 

the shed vortex filaments, which are determined by temporal variation in the 

bound circulation [25].  

In vortex models of wind turbines, the wake is modelled using a discrete number 

of either vortex particles or filaments, where a vortex filament is a vorticity field 

with constant vorticity strength concentrated onto a curve. Vortex methods can 

be categorised as either prescribed wake methods, where the wake geometry is 

predetermined usually in order to fit experimental data, or free wake methods, 

where the vortex filaments move freely within the wake. Free wake methods incur 

a significantly higher CPU cost than prescribed wake methods, however they 

have the potential to give more accurate results [61]. 

Vortex methods are more computationally expensive than BEM models, but less 

expensive than computational fluid dynamics methods (discussed in the following 

section) since they are based on potential flow theory [62,63]. Using potential flow 

theory, the fluid flow is governed by Laplace’s equation, which assumes that the 

fluid is incompressible, inviscid and irrotational. A limitation of vortex wake 

methods is that the inviscid flow assumption means that viscous flow effects such 

as skin friction cannot be captured, which may cause problems when flow 

separation occurs around the blades [64]. 
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Vortex methods have the advantage of being able to capture 3D flow effects such 

as trailing and shed vortices around the rotor blades, meaning they may be better 

suited than BEM for modelling the unsteady aerodynamics of FOWTs [25].  An 

example of a free vortex wake (FVW) code developed for floating offshore wind 

turbines can be found in Sebastian and Lackner [60], which was found to show 

good agreement with experimental data for bottom fixed turbines, particularly 

when dynamic stall modelling was included [65], but still requires validation for 

floating applications. A FVW model has also been developed by the National 

Renewable Energy Laboratory (NREL) as an alternative to BEM in cases 

involving floating turbines or highly flexible rotors (where BEM is acknowledged 

to have limitations) [56], however this model also requires further validation.  

Figure 2.4: Illustration of lifting line model, including wake evolution using a vortex lattice 

method at three time steps (𝑡0, 𝑡1, 𝑡2) [60] 
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2.2.1.3 CFD Methods 

CFD approaches involve obtaining a solution to the governing equations for a 

fluid, known as the Navier Stokes equations. CFD allows for more realistic 

simulation of fluid flows than vortex wake methods allow since they include the 

effects of turbulence and viscosity which are not considered by potential flow 

theory. This makes it particular useful for complex fluid flow problems associated 

with wind turbines such as flow separation or wake interaction.  

Due to the extremely high computational cost associated with the vast number of 

unknowns, obtaining a direct numerical solution to the Navier Stokes equation is 

near impossible for most complex fluid problems with currently available 

computing technology, and simplifications are usually made when simulating the 

fluid turbulence. CFD models therefore vary significantly in complexity. The 

simplest simulations of turbulent flows involve a Reynolds Averaged Navier 

Stokes (RANS) approach, where only the time averaged turbulent quantities are 

solved for. For cases where the turbulent structures and fluctuations are of 

interest, a more complex Large Eddy Simulation (LES) approach is usually 

applied, where the turbulent quantities are filtered and the turbulent structures 

larger than the filter width are directly resolved, whilst the behaviour associated 

with any smaller turbulent structures is represented by a turbulence model [66]. 

This incurs a larger computational cost than RANS but is less expensive than 

direct numerical simulation. 

CFD models of wind turbines also vary in complexity; they may involve fully 

resolving the boundary layer around the structure’s geometry, or may involve a 

more simple actuator approach where the turbine is represented by a force acting 

on the fluid.  

2.2.1.3.1 Actuator Models 

The simplest CFD models of wind turbines involve using the actuator disk concept 

described in section 2.2.1.1 to apply an axisymmetric force to the fluid based on 

an inflow velocity value sampled from the fluid domain. In order to include the 

effects of blade geometry on the aerodynamic forces generated by the actuator 

disk, the same blade element method used in BEM theory may be used to 

calculate lift and drag forces based on tabulated aerofoil data and the sampled 
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velocity information from the flow field. This approach has been implemented in 

Martinez-Tossas and Leonardi [67] and Wu and Porté-Agel [68]. 

The blade element coupled actuator disk approach was extended by Sørensen 

and Shen [69] to give the actuator line method. In this approach, the individual 

turbine blades are simulated by modelling the aerodynamic force distribution 

along discrete lines representing the blades that are rotated within the fluid 

domain, similar to the lifting line approach commonly used in vortex models of 

turbine rotors. The advantage of this approach over the actuator disk model 

(ADM) is that three dimensional flow effects due to discrete blades are resolved, 

such as the vortices formed at the blade root and tip. This means that the ALM in 

theory should not require a tip or root loss correction model. The ALM has been 

shown to improve predictions of the near wake compared to the ADM due to its 

ability to capture flow structured caused by the presence of individual blades [70]. 

Furthermore, unlike the ADM, the ALM does not rely on the assumption of 

axisymmetry, which may make an ADM unsuitable for modelling non-axial rotor 

conditions that are an important consideration for FOWTs. However, the 

computational cost of the actuator line model is higher than that of the actuator 

disk due to the constraint on the blade tip rotation, as the tip must not pass 

through more than one mesh cell each time step in order to maintain numerical 

stability.  

 

Figure 2.5: Illustration of actuator disk (AD), actuator line (AL) and actuator surface (AS) concepts 
[71] 

Further improvements and alternatives to the standard actuator models have also 

been proposed. The actuator surface model [72] improves on the actuator line 

method by enabling the pressure distribution along the local blade chord to be 

modelled, however the computational cost is significantly larger than the standard 

actuator line model. The actuator disk, line and surface concepts are illustrated 

in Figure 2.5 [71]. An actuator sector model [73] has also been proposed, which 

is similar to the actuator line model in that the individual blades are modelled, but 
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with a decreased computational cost similar to that of an actuator disk model. 

However, the actuator line model remains a popular choice for mid fidelity CFD 

studies of wind turbines, and there exists a wide range of literature validating its 

use [74,75]. Actuator line modelling has also been shown to be capable of 

simulating vortex ring state, which gives them an advantage over BEM for floating 

applications [76]. 

Actuator approaches in CFD methods have the advantage of less complex mesh 

requirements than fully resolved methods (discussed in the next section), since 

a mesh of the turbine geometry is not needed and therefore the mesh cell count 

may be much lower. As a result they can be significantly less expensive to run. 

However, there are limitations associated with their reliance on tabulated 2D 

aerofoil data, as they are not able to capture 3D effects such as dynamic stall 

without a correction. 

Micallef and Sant [77] compare three approaches that use blade element theory 

for predicting the aerodynamic loading of a floating wind turbine rotor with 

prescribed sinusoidal platform motion; a Navier Stokes based actuator disk 

approach, a free wake vortex model and blade element momentum theory. 

Considering only the surge motion, they found that the three models agree well 

for optimal and high tip speed ratio cases, but the BEM approach predicted 

significantly lower amplitudes for the power and thrust responses than the free 

wake vortex and actuator disk approaches for all sea states at low tip speed 

ratios. It was also found that the actuator disk model predictions for the time 

averaged power and thrust exhibited a much higher sensitivity to the sea state 

than the BEM and FWM predictions. However, the study was limited to a code to 

code comparison and the results were not validated against any experimental 

data. 

Corniglion et al. [63] compare two lifting line model approaches for modelling a 

fictitious wind turbine experiencing surge motion; a CFD based actuator line 

model with a lifting line free vortex wake model. These models are also compared 

against quasi steady predictions based on the FVW method and high order blade 

resolved CFD. The primary difference between the two lifting line models is that 

the actuator line model includes turbulence and viscosity effects whereas the free 

vortex wake model does not, and so the most significant differences in the model 

predictions were seen in the far wake. A limitation was identified in both models’ 
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ability to predict the rotor loads of a floating wind turbine experiencing dynamic 

stall due to large surge motions, which is a consequence of the local flow around 

the blade geometry not being resolved. Both lifting line models also predicted a 

higher mean thrust force than predicted by the quasi static model. 

2.2.1.3.2 Fully Resolved Models 

The most complex and expensive CFD models of wind turbines involve 

generating a mesh of the detailed turbine geometry and fully resolving the flow 

field generated around the structure. The advantage of this approach is that it 

does not rely on tabulated aerofoil data, and offers the potential for highly 

accurate and detailed simulations that capture complex flow effects without 

relying on empirical corrections [30,78].  

The majority of examples of blade resolved CFD simulations of wind turbines from 

the literature used a RANS approach to model the flow around the blades, since 

resolving the turbulent boundary layer at the blade surface would require a much 

higher mesh resolution in this region that would make the simulation extremely 

computationally expensive [71]. However, RANS approaches have been shown 

to lack the capability to simulate stalled flow conditions [57,79]. An example of a 

LES study where the turbine geometry is resolved is found in Sedaghatizadeh et 

al. [80]. The simulation took approximately 200 hours using 40 CPU cores in order 

to run for long enough to achieve statistically stable results. For simulations where 

the full turbine geometry is resolved, mesh motion is also required in order to 

handle the rotation of the blades and other structural degrees of freedom where 

necessary, which adds further complexity to the simulation. 

Due to the high computational cost associated with pure CFD analysis, there 

have also been attempts to develop hybrid numerical methods, such as a method 

combining CFD with BEM as demonstrated by Make et al. [81]. In this approach, 

a BEM method is used in combination with aerofoil data generated using CFD. It 

was found that whilst using 2D CFD aerofoil data does not have a significant 

effect on the BEM model results, including 3D flow effects from CFD 

computations in the aerofoil data can improve predictions. 
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2.2.2 Structural Modelling  

The inclusion of structural modelling for wind turbine blades is important in order 

to take into account the structural response of increasingly large and flexible 

turbines, which may include large deformations or aeroelastic effects such as 

flutter. Through coupling aerodynamic models with structural models, fluid 

structure interaction (FSI) analysis can be carried out in order to understand this 

behaviour. 

2.2.2.1 1D Beam Representation 

Structural modelling of wind turbine components such as the blades and tower is 

typically simplified by modelling the 3D component as 1D beam elements, with 

cross sectional properties including stiffness and mass defined at discrete 

locations along the structure. Beam models vary in complexity. The simplest 

beam models used in wind turbine analysis are based on classical Euler-Bernoulli 

beam theory, which is capable of modelling extension, bending and torsion, but 

neglects shear deformations. More complex beam models are often based on the 

Timoshenko model, which includes shear deformation and is better suited to short 

and thick structures [30]. Both Euler-Bernoulli and Timoshenko beam models are 

based on linear assumptions, meaning they are not suitable for large 

deformations. An example of a nonlinear beam model is geometrically exact 

beam theory (GEBT) [82], which has demonstrated superiority for composite 

structures involving large deformations [83].  

Discretizing the components into beam elements can be done using modal 

analysis, multi-body dynamics (MBD) representation, or 1D finite element 

analysis (FEA). In a modal representation of a wind turbine blade or tower, the 

structural response is described using a linear combination of a selected few 

modes of vibration, which are typically initially computed using finite element 

analysis [30]. The equations of motion are then solved for the full system. 

Example shapes of first and second bending mode for a wind turbine blade are 

shown in Figure 2.6 [84]. Modal analysis are one of the most efficient methods of 

structural modelling since the DoFs of the structure are limited. However, this 

approach may be inadequate in structures with complex behaviour that cannot 

be captured by lower order modes, such as flutter behaviour which depends on 

torsional eigenmodes that are generally not available in aeroelastic models based 
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on modal analysis [30]. The linear nature of the approach also means it may not 

be suitable for structures with large deflections where linear assumptions are not 

valid. 

 

Figure 2.6: Examples of first and second bending modes of a blade [84] 

In a multibody dynamics approach, the structure is discretized into an arbitrary 

number of components that can be flexible or rigid. The different components or 

bodies are connected to each other through kinematic constraints such as springs 

and hinges [85]. The MBD approach is more computationally demanding than the 

modal approach since the equations of motion are solved for each component 

separately, however the use of connections between bodies allows for more 

structural DoFs to be included, and it is possible to include some structural 

nonlinearities [57]. An example of a multibody representation of a wind turbine is 

shown in Figure 2.7 [30], where the blades are connected to the hub via hinges 

in order to allow pitching motion relative to the hub.  

 

Figure 2.7: Multi-body system representation of a wind turbine [30] 

A more accurate estimation of structural deformation can be obtained by 

discretizing the beam structure using 1D FEA [57]. In a finite element method, the 

structure is discretized by a number of elements, which are interconnected 

through nodes and the equations of motion are solved for each individual 

element. This is more computationally expensive than modal or MBD 

approaches, but is able to provide a more comprehensive description of 

deformation [3]. 
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2.2.2.2 3D Finite Element Analysis 

A high fidelity alternative to beam models of wind turbine blades is to use 3D finite 

element analysis, where the blade is discretised using shell elements that 

describe the composite layup of the structure. FEA is considerably more 

expensive than beam methods since the DoFs of the structure are not limited. 

However, they provide a more detailed description of the structural behaviour, 

and can be used to obtain information such as the stress distribution and specific 

load concentrations that cannot be obtained from beam models [86]. 3D FEA 

methods can also be used to determine accurate estimates of mode shapes in 

order to improve less computationally demanding modal methods. An example 

of blade deflection analysis using 3D FEA is shown in Figure 2.8 [87]. 

Faccio Júnior et al [88] compared 3D FEA with a geometrically exact beam model 

of a wind turbine blade, and found that whilst the beam model is capable of 

capturing the overall response well, it does not capture local buckling behaviour 

at the blade trailing edge in extreme load cases, which affects the blade bending 

stiffness. This highlights a limitation with the assumption of a rigid cross section 

used in beam models of wind turbine blades. 

 

Figure 2.8: Deflection analysis of a blade using 3D FEA [87] 

2.2.3 Floating Platform Motions 

The hydrodynamic loads due to the ocean waves and currents excite the 6DoF 

floating platform modes, which strongly impact the wind turbine aerodynamic and 
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structural loads. Numerical models of floating wind turbines therefore must 

include a model of the platform motions due to these hydrodynamic loads.  

2.2.3.1 Prescribed Motion Modelling  

A frequent approach in CFD studies of floating offshore wind turbines is to 

superimpose prescribed motion to represent the floating motions rather than 

modelling the complex hydrodynamics of the support structure. Tran and Kim 

[89,90] studied the aerodynamics of a floating wind turbine by prescribing periodic 

pitching, yawing and surging motions using an overset grid technique to handle 

mesh motion. In their simulations, the wind turbine tower and rotor geometries 

are fully resolved. Liu et al [91] studied the impact of floating motions on FOWT 

aerodynamics by imposing three degrees of freedom of motion onto the turbine 

model. Li et al [92] presented a simpler model of a floating wind turbine 

represented by an unsteady actuator line model with prescribed sinusoidal pitch 

and surge motion.  

Modelling FOWTs with prescribed platform motions reduces the complexity of the 

model, however this approach does not consider the two way coupling between 

aerodynamic loads and platform hydrodynamics. In order to achieve realistic 

simulation of FOWT response, the combined effect of wind and waves needs to 

be considered [93]. 

2.2.3.2 Potential Flow Methods and Morison’s Equation 

Many widely used codes for analysing floating wind turbine dynamics use low 

order models of platform hydrodynamics that are based on potential flow theory. 

The impact of waves on the structure is modelled using linear wave theory, and 

the wave-structure interaction is modelled by computing the diffraction and 

radiation components separately. 

Due to the inviscid flow assumption, potential flow theory is not able to model the 

viscous drag due to flow separation. To address this, Morison’s equation can be 

used: 

 
𝑓 = 𝐶𝑚∆𝐚𝐟 +

1

2
𝜌𝐶𝑑𝐴|𝛖𝐟|𝛖𝐟 

(2.1) 

Where 𝑓 is the fluid force on a body, 𝐶𝑚 and 𝐶𝑑 are the body inertia and drag 

coefficients, ∆ is the fluid mass displaced by the body, 𝐴 is the drag area and 𝛖𝐟 
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and 𝐚𝐟 are the fluid velocity and acceleration relative to earth. Morison’s equation 

is used to determine the inertial loads and viscous drag on a slender cylindrical 

body, and is frequently used to model hydrodynamic loads on bottom fixed 

offshore structures [9]. However, it has some limitations when applied to floating 

wind turbine support structures; it does not take into account wave diffraction 

effects, which become significant when the structure’s diameter is large relative 

to the incident wave length, because the waves are disturbed by the presence of 

the structure. Therefore, a combination of potential flow theory and Morison’s 

equation is frequently used in analysis codes, such as HydroDyn developed by 

NREL [94] or the SIMO code developed by MARINTEK [95].  

The linear wave assumption in potential flow theory has several limitations; the 

waves and platform motions are assumed to be small, which makes the approach 

unsuitable for modelling extreme wave loading or large structural motions. It is 

also not able to handle nonlinear problems such as breaking waves or slamming 

loads on the structure. For these problems, a higher order approach may be 

necessary [9]. 

2.2.3.3 CFD Methods 

In higher order models of hydrodynamics using CFD, the interaction between 

structure and the ocean waves and current is directly modelled by solving the 

Navier Stokes equations. CFD models of hydrodynamics may be a more suitable 

approach for problems involving extreme loads that result in large nonlinear 

waves and platform motions that potential flow methods are not able to handle. 

However, this also incurs a much higher computational cost. 

CFD modelling of the fluid structure interaction for a floating platform creates 

various challenges such as multiphase flow due to the presence of both air and 

water, setting boundary conditions appropriate for modelling the free surface 

between the two fluids, and modelling mesh motion due to the floating platform 

motions [93].   

2.2.4 Mooring Loads 

In numerical models where the platform hydrodynamics are explicitly modelled, 

consideration of the mooring system dynamics is also vital in order to capture the 

platform stiffness and motion response. The existing approaches for modelling 
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the mooring system can generally be characterised as either quasi-static or 

dynamic models. In a quasi-static model, dynamic loads such as inertial forces 

and drag loads on the mooring lines are ignored. For shallow mooring systems 

where the total mass of the mooring system is small, the line motions are also 

small and the dynamic loads can be neglected. However, for mooring systems in 

deeper waters with a large mass, the line motions become large and a quasi-

static approach is insufficient [96]. 

Anderson et al. [97] compare three different mooring analysis codes coupled with 

the wind turbine simulation tool FAST [98] for analysing a spar type model scale 

floating offshore wind turbine. The quasi static code MAP++ [99] and the lumped 

mass model used in the dynamic code MoorDyn [100] were validated against the 

commercial finite element software OrcaFlex. It was found that MoorDyn could 

predict results that were almost identical to those predicted by OrcaFlex, which 

has been validated extensively against real data [101]. MoorDyn has been 

validated for chains systems [102], and has recently been extended to include 

bending stiffness to allow for simulation of dynamic cable systems; validation of 

these capabilities is ongoing [103]. 

2.2.5 Full System Analysis of Floating Offshore Wind Turbines 

The coupling between the aerodynamic loads on the wind turbine, hydrodynamic 

loads on the supporting platform and mooring loads for a FOWT is highly 

nonlinear and presents numerous challenges regarding predicting the power 

output and structural response. Development of FOWT designs therefore 

requires reliable models that capture the coupled dynamics [104]. 

FAST (Fatigue, Aerodynamics, Structures and Turbulence) [105] developed by 

NREL is one of the most widely used software for full system analysis of floating 

offshore wind turbines due to its open source nature. FAST was originally 

developed for modelling the dynamic behaviour of onshore and bottom fixed 

offshore turbines, though the capabilities of FAST have now been extended to 

allow for modelling of floating offshore wind turbines. Recently, FAST was 

renamed OpenFAST to reflect the transition to an open source software. The 

aerodynamics can be modelled in FAST using a blade element momentum model 

or, as of recently, a free vortex wake model. The structural dynamics are 

modelled using a combined modal analysis/MBS approach, where the blades can 
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be modelled using either classical Euler-Bernoulli linear beam theory with modal 

representation, or using nonlinear GEBT implemented through Legendre spectral 

finite elements [106]. The hydrodynamics are handled using potential flow model 

or Morison’s equation, or a combination of the two [98]. 

FAST has a modular structure to enable handling of coupled dynamics, and many 

of the modules that constitute the FAST framework can also be used as 

standalone codes or coupled to external software. For example, Utsunomiya et 

al [107] use the aerodynamics module from FAST coupled with their in house 

hydrodynamics code and the commercial multibody dynamics code ADAMS 

[108], and partially validate this approach for simulating a spar type FOWT. 

Various commercial codes have also been developed for floating offshore wind 

applications, such as Bladed, developed by DNV GL. Bladed uses a BEM model 

for the turbine aerodynamics with a dynamic wake model and an unsteady 

aerodynamics model to account for dynamic stall. Structural dynamics are 

calculated using a combined modal and multibody dynamics approach, where the 

modes of the blades and tower are computed through 1D FEA modelling using 

Timoshenko beams. The software capabilities have been extended to allow for 

modelling of floating wind turbines by including options to model hydrodynamics 

using Morison’s equation and including a fully dynamic model of the mooring 

system. Alternatively, higher order hydrodynamic properties can be supplied 

externally.  

The use of Bladed for designing a new control algorithm for a floating offshore 

wind turbine was demonstrated by Oh et al. [109]. Yoshimoto and Kamizawa 

[110] validated the use of Bladed for floating offshore wind turbine analysis 

against observation data from the Fukushima FORWARD floating offshore wind 

farm demonstration project, and showed that Bladed is capable of predicting 

motions of the floating turbine that show reasonable agreement with measured 

data. 

Another widely used commercial code is HAWC2 (Horizontal Axis Wind turbine 

Code 2nd generation), developed by the Technical University of Denmark (DTU). 

In HAWC2, the structural dynamics are calculated using MBS dynamics and a 

1D FEA approach for the blades, which are modelled as Timoshenko beams. 

Aerodynamics are modelled using a BEM method with various corrections, and 
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hydrodynamic loads using Morison’s equation. Currently, HAWC2 does not have 

the capabilities to simulate mooring line dynamics, which therefore must be 

supplied externally. An example of the use of HAWC2 to simulate a FOWT is 

found in Skaare et al. [22], where HAWC2 was coupled with SIMO/RIFLEX. This 

is also a coupling of two codes developed by MARINTEK; the general purpose 

offshore structures code SIMO and the nonlinear finite element code RIFLEX, 

which are both distributed as modules of DNV’s marine operations software 

SESAM [111]. Within this SIMO/RIFLEX/HAWC2 coupling, the aeroelastic 

response of the turbine is modelled in HAWC2, and the floating substructure and 

mooring lines are modelled in SIMO/RIFLEX. The coupled model was shown to 

be able to accurately simulate the response of an experimental scale turbine. 

An example of a commercial analysis code for offshore structures that has 

recently been extended to enable modelling of offshore wind turbines is OrcaFlex 

[112,113]. OrcaFlex is an industry standard tool for dynamic analysis of offshore 

structures, and offers a range of modelling capabilities including a fully coupled 

nonlinear finite element model of the mooring lines, nonlinear analysis of floating 

structures including large displacement, and multibody analysis of structures. The 

turbine modelling capabilities in OrcaFlex include modelling aerodynamics using 

BEM theory with corrections, and modelling blade flexibility using beam elements 

that are similar to the line elements used to discretise the mooring lines. 

Alternatively, OrcaFlex can be coupled with FAST through the OrcaFAST 

coupling library [114]. The hydrodynamic modelling in this coupled approach 

(where the floating substructure and moorings are modelled in OrcaFlex and the 

turbine is modelled in FAST) has been validated against experimental data [115]. 

Recent advances in CFD have resulted in the development of several in-house 

codes for performing high fidelity full system simulations of floating wind turbines. 

Cheng et al [116] developed a fully coupled aero-hydrodynamic solver in 

OpenFOAM, FOWT-UALM-SJTU, that utilises two phase flow and RANS based 

turbulence modelling. The proposed solver uses an unsteady actuator line model 

for the turbine aerodynamics, a numerical wave tank system, and a quasi-static 

mooring system model. Structural flexibility in the blades and tower is not 

modelled. The model was shown to achieve good agreement with measured 

aerodynamic loads for a bottom fixed turbine and platform motions from the 

DeepCWind experiment. Liu [117] developed a FSI tool coupling geometry 
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resolved CFD with a multibody dynamics approach based on nonlinear beam 

theory to simulate a FOWT with flexible blades. Three degrees of freedom (surge, 

heave and pitch) were incorporated into this model. This work highlighted that 

platform motions have significant impact on the blade bending response. The 

inclusion of blade flexibility increased the computational cost of the model by 

around 60%. 

One example of an open source code for modelling wind turbines using CFD is 

SOWFA (Simulator fOr Wind Farm Applications), developed by NREL. SOWFA 

is a toolbox used to perform CFD simulations of wind turbines and wakes in 

OpenFOAM, where the turbines are represented by actuator disk or line models. 

A fully coupled approach was also developed where the actuator model in 

SOWFA is two way coupled with FAST, so that only the aerodynamics are 

computed using CFD, whilst the structural response is computed by FAST. For 

offshore turbines, the platform hydrodynamics are calculated using a potential 

flow based method in FAST’s hydrodynamics module, HydroDyn. SOWFA has 

been validated for simulations involving bottom fixed turbines [118], whilst 

research into the use of the code for floating offshore wind turbines is ongoing. 

Lee et al [119] compare a one way and two way SOWFA-FAST coupling for 

studying the impact of a downstream FOWT’s position in a wind farm on the 

turbine’s structural response and fatigue loading due to interacting with the wake 

of the upstream turbine. In the one way coupling approach, turbulent inflow data 

generated by SOWFA is used as input into FAST. Johlas et al [120] used a two 

way coupled SOWFA-FAST approach to compare the far wake characteristics 

for two different floating turbine platform types with a bottom fixed turbine in 

neutral and stable atmospheric conditions, and showed that wakes for floating 

wind turbines are deflected upwards more than for bottom fixed turbines, 

particularly in stable atmospheric conditions. Currently, there are no known 

comparisons between the SOWFA-FAST coupled approach and the standalone 

FAST approach for simulating the response of floating offshore wind turbines. 

2.2.6 Experimental Data for Validation of Numerical Models 

Numerical models are extremely useful for studying a wide range of designs and 

load cases at a much lower cost than would be incurred by physical testing. 
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However, in order to ensure that the accuracy of a numerical model’s predictions, 

validation against experimental data is essential. 

Several model experiments of floating offshore wind turbines have been 

conducted using wave tank and basin facilities. A comparison of some of these 

experiments was conducted by Steward and Muskulus [121] with the aim of 

identifying test cases that can be used to verify numerical and engineering codes. 

The experiments examined are most useful for studying hydrodynamics, since 

many of the experiments involved large simplifications in the rotor aerodynamics, 

or even no aerodynamics at all. An issue that was identified in this review is that 

public availability of experimental data for floating wind remains limited, however 

one experimental campaign for which the data is available is the DeepCWind 

project, in which a 1/50 scale model of a 5MW turbine was tested on three 

different model platforms; a semi-submersible, a spar buoy and a tension leg 

platform [122]. The experiments were performed in a wave basin at the Maritime 

Research Institute of the Netherlands (MARIN) test site and involved testing the 

model turbine in combined wind and wave loading. The results from the 

DeepCWind tests have been used extensively to validate numerical models of 

floating offshore wind turbines [123,124]. However, there were issues related to 

the use of Froude scaling in the experiments; due to the low Reynold’s number 

resulting from scaling, the wind speed had to be increased to a value 80% higher 

than desired in order to achieve the correct aerodynamic thrust [8]. This large 

increase in wind speed meant that the sensitivity of the thrust force to turbulence 

and platform motion may not be represented correctly [126]. 

A recent example of an experimental investigation of FOWT aerodynamics is the 

UNAFLOW (UNsteady Aerodynamics of FLOating Wind  turbines) experimental 

campaign [127], in which a 1:75 scale model of the DTU 10 MW reference wind 

turbine [128] was tested in a wind tunnel based at Politecnico di Milano (POLIMI). 

To avoid issues with the Reynolds number scaling, the model turbine featured an 

adjusted aerofoil profile with a lower Reynolds’ number compared to the full scale 

reference turbine. This technique is known as performance scaling. In order to 

replicate the impact of waves on a floating platform, periodic surge and pitch 

motion was imposed onto the model turbine. The project provided valuable data 

on the unsteady aerodynamics of floating offshore wind turbines, including the 
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effect of pitching on aerofoil aerodynamics and the impact of surge motion on the 

full rotor response of a floating wind turbine. 

A significant advantage of numerical models over experimental tests is that they 

are capable of modelling turbines at any scale including utility scale structures 

thereby avoiding similar scaling issues. Ideally, numerical models would be 

validated against measurements from full scale turbines, however, these are 

extremely limited as floating offshore wind energy is still a relatively new industry.  

A number of utility scale floating offshore wind demonstration projects have been 

successfully carried out, such as the Hywind Scotland farm, the Goto Islands and 

Fukushima FORWARD projects in Japan, and the WindFLOAT projects that have 

been demonstrated in Portugal and Scotland. The most well-known example is 

the Hywind project, which involved the demonstration of a 2.3 MW spar type 

prototype turbine deployed off of the Norwegian coast, followed by the world’s 

first floating wind farm consisting of five 6 MW spar type turbines deployed off the 

coast of Scotland in 2017 [7]. Most of the data from the conducted demonstration 

projects is proprietary, making validation of numerical models of full scale turbines 

difficult. 

To address the problem of validating the codes developed for modelling floating 

offshore wind turbines whilst limited experimental data exists, the Offshore Code 

Comparison Collaboration (OC3) project was established to perform code-to-

code comparisons for coupled simulations of offshore bottom fixed turbines on 

monopole and tripod supports, and a floating wind turbine on a spar buoy 

platform. This collaborative project ran from 2005 to 2009, and the results can be 

found in [129]. The work done in this project was extended in follow up projects; 

 OC4 (Offshore Code Comparison Collaboration, Continued) focused on 

code comparisons for modelling a fixed jacket supported structure [130] 

and a semi-submersible floating wind turbine based on the DeepCwind 

experiments [131]. 

 OC5 (Offshore Code Comparison Collaboration, Continued with 

Correlation) focused on validation of hydrodynamic modelling by 

comparing code predictions against experimental data for hydrodynamic 

loads on cylinders and for the DeepCwind semi-submersible supported 

turbine [123] 
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 OC6 (Offshore Code Comparison Collaboration, Continued with 

Correlation and unCertainty) is still ongoing, though the outcomes from 

Phase I have been published [132], which examined the reasons for 

underpredicted platform response for a semi-submersible platform at the 

surge and pitch natural frequencies. Future phases will focus on modelling 

soil-structure interaction, and validating aerodynamic loading predictions 

when large floating structure motions are present [133].  

2.3  Chapter Summary 

In this chapter, an overview of some of the significant design challenges specific 

to floating offshore wind turbines is first provided. This includes the effect of a 

floating platform on turbine dynamics, the impacts of the trend of increasing 

turbine size and therefore flexibility, and the sensitivity of FOWT behaviour to the 

external environmental conditions. The challenges that these considerations 

present for numerical modelling are also discussed. Secondly, a range of 

established numerical methods used to model the different components of 

floating wind turbine dynamics are examined. This includes methods of modelling 

aerodynamics, structural dynamics, and floating platform behaviour. The 

progress made in developing models that consider the complex nonlinear 

coupling between the different dynamics is also reviewed, in addition to the efforts 

made to validate numerical models against experimental data.  

It is noted that many of the aerodynamic models applied to wind turbines have 

been validated only against data for bottom fixed turbines, and require further 

validation against data specific to floating wind conditions. However, this is 

acknowledged to be currently difficult due to the lack of available physical data 

for FOWTs and scaling issues associated with small scale experimental studies. 

Therefore, there is a still lack of clarity on the extent to which turbine aerodynamic 

models, particularly lower fidelity models involving BEM and empirical corrections 

(which are still used in the majority of wind turbine codes), are capable of 

accurately simulating the aerodynamic loads of a FOWT that is subjected to many 

complex coupled dynamics. 

In order to address this knowledge gap and improve confidence in numerical 

modelling, validation of models against available full scale data for FOWTs will 
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be extremely useful for considering the coupled aerodynamics and 

hydrodynamics without scaling issues. As relevant data remains limited at this 

stage, the capabilities of numerical models in FOWT applications can also be 

further investigated through comparative studies of low order models against 

higher fidelity models using CFD. This will help to quantify differences between 

model predictions and determine where high fidelity methods are needed in the 

design process and where low fidelity models are sufficient in order to reduce 

costs associated with numerical modelling.



54 
 

 

Chapter 3  

Numerical Background and Methodologies 

 

This thesis features a comparison of several numerical methods of modelling the 

wind flow, aerodynamic loads and structural response of a floating offshore wind 

turbine. This chapter presents a review of the numerical methodologies that are 

studied in the work. Firstly, a brief introduction of the overarching modelling 

approaches that will be used is presented. The numerical background and 

implementation of the overarching methodologies is then presented, some of 

which was introduced in Chapter 2 and is examined further herein. This includes 

an overview of CFD and turbulence modelling, the details of the different applied 

models of the turbine loads, and the factors considered when modelling the 

offshore environment.  

3.1 Overview of Thesis Methodology 

In this work, three methods were chosen to model the aerodynamics of a floating 

offshore wind turbine, which are then compared in Chapters 4-6. The purpose of 

this approach is to understand and quantify the differences between models of 

different levels of fidelity, so that informed decisions on their use in the design 

process (taking into account accuracy and computational efficiency) can be 

made. The different aerodynamic modelling approaches are coupled with 

structural and hydrodynamic models in order to compute the load and motion 

response so that the coupled dynamics of a FOWT system can be analysed: 

1. Low fidelity model – blade element momentum theory is used for rotor 

aerodynamics. The BEM method was chosen because of its 

computational efficiency, and because it is the most widely used approach 

for wind turbine analysis as described in the previous chapter. All turbine 

dynamics are simulated using FAST, where platform hydrodynamics are 

simulated using potential flow theory and Morison’s equation, and the 
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turbine structural response is computed using a combined modal and 

multibody dynamics approach. For cases where a realistic offshore wind 

input is required, statistical turbulence models are used in TurbSim to 

generate wind fields with a predefined wind shear profile and hub height 

turbulence intensity. This approach is illustrated in Figure 3.1. 

 

2. Mid fidelity model – a CFD based actuator line model from SOWFA in 

OpenFOAM is used for rotor aerodynamics. The ALM approach involves 

directly sampling the flow at the rotor, and therefore does not require many 

of the empirical corrections used in BEM modelling. The ALM also has 

several advantages over an actuator disk model, as it is able to capture 

3D flow effects including the root vortex structure and vortex shedding at 

the blade tips, making it more suitable for modelling complex non 

axisymmetric flow conditions such as yaw misalignment. The ALM is two 

way coupled with the same structural and hydrodynamic models that are 

used in the low fidelity modelling approach. Realistic offshore wind inputs 

are generated using CFD simulations of atmospheric boundary layer flow. 

This approach is illustrated in Figure 3.2. 

Wind field 
(InflowWind/TurbSim*) 

• Wind speed 
• Turbulence intensity* 
• Surface roughness 

(for wind shear)* 

• Aerofoil data (lift 
and drag 
coefficients) 

• Blade geometry 

• Turbine structural 
information inc. blade 
and tower mode 
shapes 

• Platform 
hydrodynamic 
coefficients (WAMIT) 

• Wave and current 
information 

BEM model (FAST) 
 Aerodynamic 

loads 

FAST 

 Hydrodynamic and 
mooring loads, 

structural response, 
output power 

Figure 3.1: Flowchart showing the different components and inputs of the low fidelity model. *not 
used in steady wind cases 
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3. High fidelity model – the flow around the turbine blade is fully resolved 

using CFD simulation in OpenFOAM, which is two way coupled with a 

structural 3D FEA model in CalculiX. This is the most computationally 

expensive method available for modelling wind turbine rotor and blade 

dynamics, but in theory should offer the highest level of accuracy since it 

does not rely on assumptions such as beam behaviour and 2D flow at the 

rotor. This approach is illustrated in Figure 3.3. 

 

3.2 Wind Flow Modelling 

In this section, an overview of the methods used to model fluid flow, which in this 

research applies to the wind, is presented. The governing equations that form the 

basis of a CFD problem are presented, in addition to some of the simplifications 

Wind field 
(OpenFOAM/SOWFA*) 

• Wind speed 
• Turbulence model 
• Surface roughness*  
• Surface heat flux* 

• Aerofoil data (lift 
and drag 
coefficients) 

• Blade geometry 
• Force distribution 

function 

• Turbine structural 
information inc. blade 
and tower mode 
shapes 

• Platform 
hydrodynamic 
coefficients (WAMIT) 

• Wave and current 
information 

ALM 
(OpenFOAM/SOWFA) 
 Aerodynamic loads 

FAST 

 Hydrodynamic and 
mooring loads, 

structural response, 
output power 

Figure 3.2: Flowchart showing the different components and inputs of the mid fidelity model *not 
used in steady wind cases 

Geometry-
resolved blade 

model 
(OpenFOAM) 

Wind field 
(OpenFOAM) 

Coupling 
library 

(preCICE) 

3D FEA 
model 

(CalculiX) 

• Wind speed 
• Turbulence 

model 

• Blade 
geometry 
from CAD 
model 

• Mapping 
method 

• Coupling 
schemes 

• Blade 
material and 
structural 
information 

Figure 3.3: Flowchart showing the different components and inputs of the high fidelity model 
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that are made in order to make it possible to obtain a CFD solution with available 

computing resources. The methods used to model realistic offshore wind are also 

introduced. The characteristics of atmospheric wind are examined, and an 

overview of the high order CFD approach and the simpler statistical models used 

to model the wind is given. The respective capabilities of each wind modelling 

approach are also described. 

3.2.1 Governing Equations of Fluid Flow 

All of the CFD simulations in this thesis are performed using OpenFOAM, which 

is an open source CFD toolbox written in C++ that is used to solve fluid flow 

problems using the finite volume method [66]. As an open source project, 

OpenFOAM is free to use and provides a framework where it is easy for the user 

to modify the code and implement new solvers and libraries to adapt the software 

to their specific requirements. 

Using OpenFOAM, a solution to the Navier Stokes equations is obtained. These 

equations describe the fundamental physical laws of conservation of mass, 

momentum and energy in a fluid flow. All of the CFD problems in this work are 

treated as incompressible, meaning that the fluid density remains constant, and 

therefore the energy equation does not need to be solved. The governing 

equations of continuity and momentum for an incompressible fluid are as follows: 

 
∇. 𝐮 = 0 

(3.1) 

 

𝜕𝐮

𝜕𝑡
+ 𝐮∇. 𝐮 = −

1

𝜌
∇𝑝 + 𝜐∇2𝐮 + 𝐅 

(3.2) 

where 𝐮 is the fluid velocity vector, 𝜌 is the density, 𝑝 is the fluid pressure, 𝜐 is 

the kinematic viscosity and 𝑭 represents additional forces acting on the fluid.  

3.2.2 Turbulence Modelling 

Obtaining an exact solution to the Navier-Stokes equations presented above, 

which is known as a Direct Numerical Simulation (DNS) approach, would require 

extremely fine grids in order to resolve the smallest turbulent structures in most 
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fluid flow problems. Most applications of CFD use numerical models to resolve 

all or some of the turbulence. In this work, both RANS and LES approaches to 

turbulence modelling are demonstrated, which are explained in this section. 

3.2.2.1 RANS 

The RANS modelling approach involves splitting each variable in the Navier-

Stokes equations into two components; a mean and a fluctuating component. 

Using this approach, the instantaneous velocity 𝐮 is written as: 

 
𝐮(𝐱, 𝑡) = 𝐮̅(𝐱, 𝑡) + 𝐮′(𝐱, 𝑡) 

(3.3) 

where the mean and fluctuating components are given by 𝐮̅ and 𝐮′ respectively. 

The mean value is determined through either time, spatial or ensemble 

averaging, depending on the nature of the flow [134]. Time averaging is most 

frequently used, however this approach is only suitable for time-independent 

turbulent flows. Spatial averaging can be used if the turbulence is homogenous, 

while ensemble averaging is suitable for any type of flow. Since the mean value 

of the fluctuating component 𝐮′̅ = 0 by nature, the Reynolds averaged Navier 

Stokes equations are expressed: 

 ∇. 𝐮̅ = 0 
(3.4) 

 𝜕𝐮̅

𝜕𝑡
+ ∇. 𝐮̅ 𝐮̅ + ∇. 𝐑 = −

1

𝜌
∇𝑝 + 𝜐∇2𝐮̅ 

(3.5) 

where 𝐑 = 𝐮′𝐮′̅̅ ̅̅ ̅ represents the Reynold’s stress tensor, which describes the 

turbulence in the flow. This term is solved using a closure model.  

Two different closure models are utilised to model turbulence in the RANS 

simulations presented in this work. In the RANS actuator line model simulations, 

where a uniform wind condition is specified and near wall flow does not need to 

be considered, the standard 𝑘 − 𝜀 closure model is used, because it is one of the 

most widely used and validated general-purpose turbulence models [66]. This 

model requires two additional transport equations for the turbulent kinetic energy 

𝑘 and rate of dissipation of turbulent kinetic energy 𝜀 to be solved in addition to 
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the Reynolds averaged Navier-Stokes equations. For incompressible flow 

simulations, the 𝑘 − 𝜀 model equations are as follows: 

 

𝜕𝑘

𝜕𝑡
+ ∇. 𝑘𝐮 = ∇. [(𝜐 +

𝜐𝑡

𝜎𝑘
) ∇𝑘] + 𝐺 − 𝜀 

(3.6) 

 
𝜕𝜀

𝜕𝑡
+ ∇. 𝜀𝐮 = ∇. [(𝜐 +

𝜐𝑡

𝜎𝜀
) ∇𝜀] + 𝐶1𝜀𝐺

𝜀

𝑘
− 𝐶2𝜀

𝜀2

𝑘
 

(3.7) 

where 𝜐𝑡 is the turbulent viscosity, defined as: 

 𝜐𝑡 = 𝐶𝜇

𝑘2

𝜖
 

(3.8) 

The production rate of turbulent kinetic energy 𝐺 is defined as: 

 
𝐺 = 𝜐𝑡(∇𝐮 + ∇𝐮𝑇)2 

(3.9) 

The standard values for the dimensionless model constants are provided by 

Launder and Sharma [135]: 

 𝜎𝑘 = 1, 𝜎𝜀 = 1.3, 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝐶𝜇 = 0.09 
(3.10) 

The second closure model for turbulence used in this work is the Spalart-Allmaras 

model [136]. This model was chosen for use in geometry resolved simulations of 

wind turbine blades because it is designed and tuned for external aerodynamic 

flows. The Spalart-Allmaras model requires one additional transport equation to 

be solved for a kinematic eddy viscosity parameter 𝜐̃. For an incompressible flow, 

this is defined as 

 
𝜐𝑡 = 𝜐̃𝑓𝑣1 

(3.11) 

Where 𝑓𝑣1 = 𝑓𝑣1(𝜐̃/𝜐) is a wall damping function. Near the wall, 𝜐̃ tends to zero. 

The transport equation for 𝜐̃ is defined: 
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𝜕𝜐̃

𝜕𝑡
+ ∇. 𝜐̃𝐮 =

1

𝜎
[∇. (𝜐 + 𝜐̃)∇𝜐̃ + 𝐶𝑏2(∇𝜐̃)2] + 𝐶𝑏1𝜐̃Ω̃ − 𝐶𝑤1 (

𝜐̃

𝜅𝑦
) 𝑓𝑤 

(3.12) 

where the local mean vorticity Ω̃ is defined: 

 
Ω̃ = 𝛀 +

𝜐̃

(𝜅𝑦)2
𝑓𝑣2 

(3.13) 

where 𝛀 is the mean vorticity tensor, 𝑓𝑤 = 𝑓𝑤(𝜐̃/Ω̃(𝜅𝑦)2) and 𝑓𝑣2 = 𝑓𝑣2(𝜐̃/𝜐) are 

further wall damping functions, and y is the distance from the wall. The model 

constants have the following values [66]: 

 
𝜎 = 0.6667, 𝜅 = 0.4187, 𝐶𝑏1 = 0.1355, 𝐶𝑏2 = 0.622   

𝐶𝑤1 = 𝐶𝑏1 +
𝜅2(1 + 𝐶𝑏2)

𝜎
 

(3.14) 

 

3.2.2.2 LES 

In a LES approach, a spatially filtered form of the Navier-Stokes equations is 

used, where the velocity is decomposed into a resolved component and a 

residual sub grid scale (SGS) component. This allows for large scale turbulent 

structures to be resolved, whilst turbulent eddies that are smaller than the filter 

size are modelled using a closure model, referred to as an SGS model. The main 

argument for the LES approach is based on theory first proposed by Kolmogorov 

[137]; that the large scale turbulent structures contain most of the turbulent kinetic 

energy, whilst the small scale eddies act mainly to drain energy from the larger 

eddies through cascading and have a near universal form, and so can be 

reasonably approximated using a model. The size of the filter, and therefore the 

size of turbulent structures that can be resolved, is determined by the size of the 

grid cells in the mesh. It is recommended that the grid resolution is high enough 

that 80% of the turbulent energy is resolved [138]. LES is generally at least one 

order of magnitude more computationally expensive than RANS [139]. The 

spatially filtered incompressible Navier Stokes equations are defined: 

 ∇. 𝐮̅ = 0 
(3.15) 
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 𝜕𝐮̅

𝜕𝑡
+ ∇. 𝐮̅ 𝐮̅ + ∇. 𝛕 = −

1

𝜌
∇𝑝 + 𝜐∇2𝐮̅ 

(3.16) 

These take on the same form as the Reynolds averaged equations 3.4 and 3.5, 

except that 𝐮̅ is spatially filtered velocity rather than time averaged, and the sub 

grid scale turbulence is represented by the residual or sub grid scale stress tensor 

𝛕 = 𝐮𝐮̅̅ ̅̅ − 𝐮̅ 𝐮̅. In the LES simulations presented in this work, the sub grid scale 

turbulence is modelled using a one-equation eddy viscosity that is specifically 

suited to turbulent atmospheric flows due to the inclusion of buoyancy effects, 

which is explained in the following subsection. 

3.2.3 SOWFA Model of Atmospheric Boundary Layer Wind  

For simulations in OpenFOAM where the turbulent characteristics of the wind are 

of interest, the atmospheric boundary layer is modelled using a high fidelity LES 

approach in SOWFA [140]. As described in section 2.2.5, SOWFA is a toolbox 

developed by NREL for analysing wind farms in OpenFOAM. The wind profile in 

the ABL is modelled using Monin-Obukhov similarity theory [141], where the level 

of wind shear is driven by the stability condition of the ABL and the surface 

roughness height parameter 𝑧0, which is determined by the geometric features of 

the surface. The vertical wind profile within the boundary layer is described: 

 
𝑈(𝑧) =

𝑢∗

𝜅
[ln (

𝑧

𝑧0
) − 𝜓 (

𝑧

𝐿
)] 

(3.17) 

where 𝑈(𝑧) is the wind velocity at height 𝑧, 𝑢∗ is the friction velocity and 𝜅 is the 

von Karman constant, typically 0.4. 𝜓(𝑧/𝐿) is an empirical thermal stratification 

function, where the Monin-Obukhov length parameter 𝐿 is defined: 

 𝐿 =
−𝑢∗

3𝜃0

𝜅𝑔𝑄𝑜
 

(3.18) 

 

where 𝜃0 is a reference potential temperature, 𝑔 is acceleration due to gravity, 

and 𝑄𝑜 is the surface heat flux. 𝐿 is positive in stable conditions, negative in 

unstable conditions, and tends towards infinity for neutral conditions due to zero 

heat flux at the surface.  
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The atmospheric boundary layer solver ABLSolver within the SOWFA framework 

is used for simulations of ABL wind. This is an incompressible solver that models 

buoyancy effects due to temperature distribution using a Boussinesq 

approximation. The theory behind the Boussinesq approximation is that changes 

in fluid density are due to thermal rather than pressure effects [142]. Using the 

Boussinesq approximation, variation in the fluid density is ignored in the Navier-

Stokes equations for mass and momentum except for the buoyancy force term. 

ABLSolver uses the Pressure-Implicit Splitting Operation (PISO) algorithm [143] 

to solve the pressure and momentum equations, and uses Rhie-Chow 

interpolation [144] to avoid pressure-velocity decoupling. The momentum 

equation becomes: 

 

𝜕𝐮̅

𝜕𝑡
+ ∇. 𝐮̅ 𝐮̅ 

= −2𝜖𝑖3𝑘𝑢̅𝑘𝜔sin𝜙 − ∇𝑝 −
1

𝜌0
∇𝑝0 − ∇. 𝛕 − 𝑔𝑧∇ (

𝜌𝑘

𝜌0
) +

1

𝜌0
𝐹𝑖

𝑇 

 

(3.19) 

 

The term −2𝜖𝑖3𝑘𝑢̅𝑘𝜔sin𝜙 is the Coriolis force due to planetary rotation, where 𝜔 

is the planetary rotational speed and 𝜙 is the latitude (𝜖𝑖𝑗𝑘 is the alternating 

tensor). 𝑝 is a modified pressure variable, which represents the deviation in static 

(density-normalized) pressure from the horizontally averaged value. The term 

𝑔𝑧𝛻 (
𝜌𝑘

𝜌0
) represents buoyancy forces using the Boussinesq approximation, where 

𝑔 is acceleration due to gravity. 𝐹𝑇 represents additional forces, which in this case 

includes forces due to the actuator line model representing the turbine. 

Fluid density in the buoyancy term is expressed as a function of potential 

temperature, where the ratio of buoyant density 𝜌𝑘 to constant density 𝜌0 is: 

 
𝜌𝑘

𝜌0
= 1 −

𝜃̅ − 𝜃0

𝜃0
 

(3.20) 

where 𝜃̅ is the resolved potential temperature. A transport equation for potential 

temperature is included in the ABL solver as follows: 
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𝜕𝜃̅

𝜕𝑡
+ ∇. (𝐮𝜃̅) = −∇. 𝑞 

(3.21) 

where 𝑞 is the temperature flux due to viscous and sub grid scale effects.  

SOWFA uses a potential temperature model to account for atmospheric stability 

in the boundary layer. A negative, zero or positive vertical gradient of the potential 

temperature corresponds to unstable, neutral or stable stratification respectively. 

At the sea surface boundary, a surface shear stress model defined by Schumann 

[145] is used: 

 
𝜏

〈𝜏〉
=

|𝑈𝑧1|

〈𝑈𝑧1〉
 

(3.22) 

where 𝑈𝑧1 is the resolved velocity vector at the cell centre closest to the wall and 

〈 〉 denotes horizontal averaging. A model for the temperature flux at the surface 

is also defined:  

 𝑞𝑗 = −
𝜐𝑆𝐺𝑆

𝑃𝑟𝑡

𝜕𝜃̅

𝜕𝑥𝑗
 

(3.23) 

where 𝑃𝑟𝑡 is the turbulent Prandtl number. 𝑃𝑟𝑡 is taken to be equal to 1/3 for 

unstable and neutral conditions, and is equal to 1 for stable conditions. 

The height of the ABL is controlled by specifying a capping inversion layer. This 

inversion layer has strong stable stratification, with a linearly increasing 

temperature with height, and acts to slow boundary layer growth. For unstable 

conditions, the capping inversion is specified at a height of over 1 km, whilst in 

stable conditions the ABL height is capped at a few hundred meters [31]. 

The Schumann model and temperature flux model are used to account for sub 

grid scale and viscous stresses. The value of temperature flux at the surface 

controls the stability of the boundary layer and the level of turbulence, where a 

negative, zero or positive value of the z component of 𝑞𝑗 corresponds to unstable, 

neutral or stable conditions respectively. The solver estimates friction velocity 

according to the Monin-Obukhov similarity theory based on the flow profile near 
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the surface, the surface roughness height and heat flux. The upper boundary of 

the fluid domain is located in the region above the ABL, and stress and 

temperature flux are set to zero. The sub grid scale turbulence is modelled using 

a one-equation eddy viscosity model developed by Deardorff [146] and Moeng 

[147]. The transport equation for sub grid scale kinetic energy 𝑘𝑠𝑔𝑠 is defined: 

  
𝜕𝑘𝑠𝑔𝑠

𝜕𝑡
+ 𝑢̅𝑖

∂𝑘𝑠𝑔𝑠

∂𝑥𝑖
= −𝜏𝑖𝑗. 𝑆𝑖𝑗 − 𝐶𝜀

𝑘𝑠𝑔𝑠

3
2

∆
+

𝜕

𝜕𝑥𝑖
(2𝜐𝑡

∂𝑘𝑠𝑔𝑠

∂𝑥𝑖
) +

𝑔

𝜃0
𝑤′𝜃′̅̅ ̅̅ ̅̅  

(3.24) 

 

where 𝑤 represents the vertical velocity, 𝑆𝑖𝑗 =
1

2
(

𝜕𝑢̅𝒊

𝜕𝑥𝑗

+
𝜕𝑢̅𝒋

𝜕𝑥𝑖

) is the resolved scale 

rate of strain tensor, Δ is the filter length scale, and 𝜐𝑡 = 𝐶𝑘√𝑘𝑠𝑔𝑠∆ is the turbulent 

eddy viscosity. The effects of buoyancy on turbulence production are represented 

by the 
𝑔

𝜃0
𝑤′𝜃′̅̅ ̅̅ ̅̅  term. The constants are given the values 𝐶𝑘 = 0.0673 and 𝐶𝜀 =

0.93. 

In order to generate atmospheric turbulence for the turbine simulations using 

LES, precursor simulations are first run on a periodic domain to allow continual 

cycling of the flow back into the domain. This can be done on a coarse grid without 

any turbines present. Once the desired turbulence has been generated and the 

flow has stabilised, the precursor simulation is run for an additional period of time 

during which the flow profiles at the inlet are saved at regular intervals. These 

flow profiles are subsequently used as a library of time varying inlet conditions in 

the turbine simulations. 

3.2.4 Sea Surface Roughness 

Equation 3.17 shows that the wind profile is dependent on the surface roughness 

height parameter 𝑧0. This parameter also drives the level of turbulence in the wind 

[148].The roughness of the sea surface is typically much lower than that of the 

ground, and recommended values of 𝑧0 for a flat sea are typically between 0.0001 

and 0.001 m [149]. However, the sea surface roughness is dependent on the 

wave conditions which in turn are dependent on the wind speed. This relationship 

can be expressed using the Charnock assumption [150], where the sea surface 

roughness is defined relative to the friction velocity 𝑢∗: 
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 𝑧0 =
𝛼𝑢∗

2

𝑔
 

(3.25) 

where 𝑔 is the acceleration due to gravity and 𝛼 is an empirical constant known 

as the Charnock parameter. There have been many definitions proposed for 

estimating the friction velocity in the literature, some of which are reviewed by 

Weber [151], who suggests that a more accurate estimation of the friction velocity 

can be obtained using the Reynolds stress vector, however this information is 

difficult to obtain. For the simulations in this work where the desired turbulence 

intensity is known, the friction velocity is estimated for each simulation in this work 

using the following relationship given by Stull [149] based on the standard 

deviation 𝜎 of the wind speed. 

 

𝜎2 = 6.25𝑢∗
2 (3.26) 

3.2.5 Statistical Modelling of Turbulence 

In the low fidelity modelling where CFD is not used, inflow turbulence is generated 

in TurbSim [152], which is an inflow turbulence code used for generating full field 

simulations of turbulent flow using statistical methods. Using TurbSim, turbulence 

is defined using the Kaimal model specified by the IEC standard for wind turbine 

design [35]. The Kaimal spectra for the three components 𝐾 = 𝑢, 𝑣, 𝑤 of the wind 

velocity are defined: 

 𝑆𝐾(𝑓) =
4𝜎𝐾

2𝐿𝐾/𝑢̅ℎ𝑢𝑏

(1 +
6𝑓𝐿𝐾

𝑢̅ℎ𝑢𝑏
)5/3

 

(3.27) 

where 𝑓 is the cyclic frequency, 𝜎 is the standard deviation, 𝑢̅ℎ𝑢𝑏 is the mean wind 

speed at hub beight, and 𝐿 is an integral scale parameter. The model does not 

include any temperature effects and therefore assumes neutral atmospheric 

stability, which limits its ability to accurately model realistic atmospheric boundary 

layer flow since the scale of turbulent structures is dependent on the atmospheric 

stability condition [153]. This may have an impact on the predicted loading on 
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FOWTs due to turbulence, particularly in low wind speeds where strongly stable 

and unstable conditions are more likely to occur in offshore environments [33]. 

3.3 Turbine Aerodynamic Load Modelling 

In this work, three approaches are chosen from those introduced in Chapter 2 to 

model the aerodynamic loading on wind turbine blades. These include two 

approximations of the rotor, namely a BEM model and an ALM, which are 

described in more detail in this section. The implementation of the blade resolved 

CFD method used in the high fidelity approach, where the wind flow around the 

wind turbine geometry is resolved explicitly, is described in section 3.5. 

3.3.1 Blade Element Momentum Model 

The low order modelling of the rotor aerodynamics in this work is based on the 

blade element momentum theory, which is implemented in FAST’s aerodynamics 

module AeroDyn [49]. The BEM method combines simple momentum theory with 

blade element theory in order to take into account the effect of blade geometry 

on the local lift and drag forces.  

In the momentum theory, the forces acting on the rotor are expressed as a 

momentum deficit due to the rotor disk extracting energy from the flow passing 

through it. The thrust and torque forces acting on a radial element of the rotor are 

expressed as: 

 
𝑑𝑇 = 4𝜋𝜌𝑈∞

2 𝑎(1 − 𝑎)𝑟𝑑𝑟 
(3.28) 

 
𝑑𝑄 = 4𝜋𝜌𝑈∞ 𝛺𝑎′(1 − 𝑎)𝑟3𝑑𝑟 

(3.29) 

where 𝑈∞ is the free stream velocity, 𝛺 is the blade rotational velocity, and 𝑎 and 

𝑎’ are the axial and tangential induction factors respectively, defined as: 
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𝑎 = 1 −

𝑉𝑡

𝑈∞
 

(3.30) 

 
𝑎′ =  

𝜔

2𝛺
 

(3.31) 

where 𝑉𝑡 is the wind velocity at the turbine and 𝜔 is the wake rotational speed. 

The relative airflow velocity and inflow angle at the blade element is therefore 

defined: 

 
𝑉𝑟𝑒𝑙

2 = (𝑈∞(1 − 𝑎))2 + (Ω𝑟(1 + 𝑎′))2 
(3.32) 

 
𝑡𝑎𝑛𝜙 =

𝑈∞(1 − 𝑎)

Ω𝑟(1 + 𝑎′)
 

(3.33) 

This is illustrated in Figure 3.4. Blade element theory involves calculating the axial 

thrust force and rotational torque force on each radial section of the rotor (blade 

element) using the blade geometry characteristics including the 2D aerofoil 

characteristics and the local angle of attack, where 𝛼 = 𝜙 − 𝛽 (𝜙 and 𝛽 are the 

flow angle and blade pitch angle respectively): 

 
𝑑𝑇 =

1

2
𝐵𝑐𝜌𝑉𝑟𝑒𝑙

2 𝐶𝑛𝑑𝑟, 𝐶𝑛 = 𝐶𝐿𝑐𝑜𝑠𝜙 + 𝐶𝐷𝑠𝑖𝑛𝜙 

(3.34) 

 
𝑑𝑄 =

1

2
𝐵𝑐𝜌𝑉𝑟𝑒𝑙

2 𝐶𝑡𝑟𝑑𝑟, 𝐶𝑡 = 𝐶𝐿𝑠𝑖𝑛𝜙 − 𝐶𝐷𝑐𝑜𝑠𝜙 

(3.35) 

where 𝐶𝑛 and 𝐶𝑡 are the normal and tangential force coefficients respectively, 𝐶𝐿 

and 𝐶𝐷 are the lift and drag coefficients, 𝐵 is the number of rotor blades, 𝑐 is the 

local chord length, 𝜌 is the air density and 𝑉𝑟𝑒𝑙 is the resultant relative airflow 

velocity through the turbine based on the axial wind velocity and tangential 

velocity. The radial component of the velocity is assumed to be zero. 
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Figure 3.4: Axial and tangential components of the velocity at the rotor 

In blade element momentum theory, the equations for momentum theory and 

blade element theory are combined to form the following expressions for the axial 

and tangential induction factors: 

 

𝑎

1 − 𝑎
=

𝜎𝐶𝑛

4𝑠𝑖𝑛2𝜙
 

(3.36) 

 

𝑎′

1 − 𝑎′
=

𝜎𝐶𝑡

4𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜙
 

(3.37) 

where the local solidity 𝜎 = 𝐵𝑐/2𝜋𝑟. These equations are then solved iteratively 

and the torque and thrust elements at each radial station are calculated. The total 

power and thrust are then calculated, where the rotor power 𝑃 = 𝛺𝑄. 

A major limitation of BEM theory is that it assumes the flow to be two dimensional, 

meaning it is not inherently able to account for 3D flow effects such as skewed 

wake due to yaw misalignment or losses due to vortices formed at the blade tip 

and root [50]. To account for these blade tip and root losses, the Prandtl 

correction factor [154] is added: 

𝑈∞(1 − 𝑎) 

Ωr(1 + 𝑎′) 

𝑉𝑟𝑒𝑙 

𝛼 

𝛽 

𝜙 
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 𝐹𝑡𝑖𝑝 =
2

𝜋
arccos (𝑒

−
𝐵(𝑅−𝑟)
2𝑅𝑠𝑖𝑛𝜙) 

(3.38) 

 𝐹𝑟𝑜𝑜𝑡 =
2

𝜋
arccos (𝑒

−
𝐵(𝑟−𝑅ℎ𝑢𝑏)

2𝑅𝑠𝑖𝑛𝜙 ) 

(3.39) 

 

In the presented FAST simulations, an empirical skewed wake correction model 

developed by Pitt and Peters is used to account for the effects of misaligned flow 

[155]. This correction is applied to the axial induction factor 𝑎 after the BEM 

iteration procedure described by equations 3.36 and 3.37: 

 𝑎𝑦𝑎𝑤 = 𝑎[1 + 𝑘 tan
𝜒

2

𝑟

𝑅
sin 𝜓] 

(3.40) 

where 𝜒 is the skew angle of the wake, 𝜓 is the azimuth angle and k is a constant 

usually defined as 15𝜋/32 [156]. 

To account for the effects of dynamic stall, a semi-empirical unsteady aerofoil 

aerodynamics model based on the work of Leishman and Beddoes [54] is used, 

with modifications and simplifications defined by Minnema [157] and Pierce [158]. 

The implementation of this model in AeroDyn is described in detail in Damiani 

and Hayman (2019) [159]. 

The standard BEM method is quasi-steady, and so in order to account for the 

delay in the response of the rotor to changes in the inflow and loading, a dynamic 

wake model is used. The dynamic model of Øye is used, which is described in 

Snel and Schepers (1995) [156]. This is necessary for a floating wind turbine 

where the aerodynamics are inherently unsteady due to the motions of the 

floating platform [34].  

3.3.2 Actuator Line Model 

In the mid fidelity approach, the wind turbine is modelled using an actuator line 

model in SOWFA, which is a more sophisticated form of the traditional actuator 

disk model. Instead of representing the turbine rotor as an axisymmetric disk, 

each blade is distinctly modelled by a series of points distributed along a line 

representing the blade axis, and the blades are rotated each time-step.  
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The force 𝑓 at each point along the actuator line is calculated using the blade 

element method as follows. 

 
𝑓 =

𝑑𝐹

𝑑𝑟
=

1

2
𝜌𝑐𝑉𝑟𝑒𝑙

2 (𝐶𝐿𝒆𝑳 + 𝐶𝐷𝒆𝑫) 

(3.41) 

where 𝒆𝑳 and 𝒆𝑫 are unit vectors in the lift and drag force directions respectively. 

The lift and drag coefficients, 𝐶𝐿 and 𝐶𝐷, for the relevant aerofoils are provided in 

tables as functions of the local angle of attack.  

To avoid numerical instabilities caused by singularities, the forces calculated at 

each actuator point are distributed onto the fluid using a Gaussian projection 

function 𝜂𝜖. 

 
𝜂𝜖(𝑟) =

1

𝜖3𝜋3/2
exp [− (

𝑟

𝜖
)

2

] 

(3.42) 

𝑟 is the distance between the actuator point and the cell centre and 𝜖 is the 

Gaussian width parameter that controls the width of the force projection. The 

velocity at the actuator point is determined by sampling the velocity using an 

integral of the local velocity field and the body force distribution function 𝜂𝜖.  

In the ALM from SOWFA used in this work, the turbine tower and nacelle are also 

modelled using drag-only actuator line representation. The tower is modelled as 

an additional actuator line with a circular aerofoil profile, and the computed drag 

force from each actuator element is distributed onto the fluid so that the force is 

radially constant up to a given value (the radius of the tower), and then decays 

beyond this radius according to a Gaussian projection function similar to that 

defined for the blades. As a result, the distributed force on the fluid due to the 

tower represents a cylinder.  Similarly, the nacelle is represented by an additional 

actuator line from the front to the rear of the nacelle. The total drag force is 

determined by the area of the front of the nacelle and a user specified drag 

coefficient, and is distributed using the same cylindrical projection function as for 

the tower. Each nacelle actuator point projects an equal amount of drag force 

onto the fluid. 



71 
 

3.4 Coupled Modelling in FAST 

A number of codes coupling turbine aerodynamics with structural dynamics and 

platform hydrodynamics have been introduced to address the problem of 

analysing the highly nonlinear behaviour of a floating offshore wind turbine [95], 

some of which are described in Chapter 2. Of these tools, one of the most widely 

used is FAST, a publicly available software developed by the National Renewable 

Energy Laboratory (NREL) [105]. FAST is a multi-physics engineering tool that is 

used to perform coupled aero-hydro-servo-elastic simulations of wind turbines in 

the time domain. In this thesis, the name FAST will be used to refer to OpenFAST, 

which is the open source version of the code. FAST was chosen for this project 

due to its open source nature, and the extensive validation that has been 

conducted [123,160,161]. 

  

Figure 3.5: Interaction between different modules in FAST, from [162] 

The coupled dynamics of a wind turbine in FAST are handled by using a 

modularization framework, with different modules developed to handle the 

aerodynamics, structural dynamics, hydrodynamics, control system properties 

and mooring loads. This framework and the coupling between modules is 

illustrated in Figure 3.5 [162]. In the low fidelity modelling approach used in this 

work, the wind input is defined and configured for input in FAST in the module 

InflowWind, which is able to read wind field files generated in external codes such 

as TurbSim or Bladed. The aerodynamic loads on the rotor and tower in response 

to the wind input are handled by the module AeroDyn. For offshore structures, 
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the hydrodynamic loads are calculated using the module HydroDyn, and mooring 

line dynamics are modelled using MoorDyn [100]. The turbine’s structural 

response to the aerodynamic and hydrodynamic loads are computed in 

ElastoDyn, and the control system and electrical dynamics are computed by 

ServoDyn.  

3.4.1 Structural Modelling 

The structural model in ElastoDyn is one way coupled with the BEM method in 

the low fidelity approach (the BEM model in AeroDyn does not take into account 

structural deformation) and is two way coupled with the ALM in the mid fidelity 

approach. Structural flexibility is considered in the rotor blades, tower and drive 

shaft. All other components of the turbine are modelled as rigid structures, 

including the floating platform (except for the mooring lines, whose dynamics are 

considered in a separate module of FAST as described in section 3.4.2).  

A combined modal and multibody dynamics approach is used, where modal 

analysis is applied to the blades and tower, and the multibody dynamics approach 

is applied to all other components. The blades are modelled with two flapwise 

bending mode DoFs, and one edgewise bending mode. The tower is modelled 

with two fore-aft and two side-to-side bending mode DOFs. The mode shapes 

are specified as 6th order polynomials, which must be supplied externally from 

modal tests or finite element analysis. 

The blades and tower are modelled as 1D beams using classical Euler-Bernoulli 

beam theory, which is valid for small to moderate deflections due to the small 

angle approximation (where cos 𝜃 ≈ 1 and sin 𝜃 ≈ 𝜃) with a nonlinear correction 

for orthogonality. No shear, torsion or extension DoFs are considered in the 

modelling of the tower and blades. The model is therefore best suited to straight, 

isotropic structures without mass or elastic offsets [84].  

3.4.2 Wave and Hydrodynamic Modelling 

The presented work focuses on floating wind turbines with spar platforms, which 

have simple cylindrical structures and catenary mooring systems. The feasibility 

of spar type FOWTs has been demonstrated in projects such as Hywind [163], 

and a recent review of the current technologies available for floating offshore wind 
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turbine support structures concluded that the spar concept is the most mature 

and has the highest ‘technology readiness level’ [15]. Due to the relatively small 

waterplane area of spar platforms, the impact of current loading on platform 

motion response is likely to be small [164]. 

The hydrodynamic loads on the floating platform due to waves and current are 

modelled in HydroDyn based on potential flow theory. To account for viscous 

drag due to flow separation, the relative form of Morison’s equation is used. 

The hydrodynamic loads are calculated on the structure based on added mass 

and damping due to linear wave radiation, incident wave excitation due to wave 

diffraction, and hydrostatic restoring. The hydrodynamic coefficients required to 

obtain a potential flow solution in HydroDyn are supplied externally by WAMIT 

[165], a commercial 3D panel method code that solves Laplace's equation in the 

frequency domain for a rigid body. The simulated waves and hydrodynamic 

forces are limited to first order calculations throughout this work in order to reduce 

computational expense. A small angle approximation is also applied to the 

calculated floating platform rotations. 

Wave kinematics are modelled using linear Airy wave theory. Irregular waves are 

modelled using the JONSWAP (Joint North Sea Wave Project) spectrum [166], 

which is defined: 

 𝑆(𝑓) = 0.3125𝐶(𝛾)
𝐻𝑠

2𝑓𝑝
4

𝑓5
exp [−

5

4
(

𝑓𝑝

𝑓
)

4

] 𝛾
exp[−

(𝑓−𝑓𝑝)
2

2𝜎2𝑓𝑝
2 ]

 

(3.43) 

where 𝐻𝑠 is the significant wave height, 𝑓 is the wave frequency, 𝑓𝑝 is the peak 

frequency, 𝜎 is the spectral width parameter 𝛾 is the peak shape parameter, and 

𝐶(𝛾) = 1 − 0.287ln (𝛾) is a normalizing factor. Recommended values for 𝜎 and 𝛾 

are given in Annex B of the IEC standard for offshore wind turbine design [43].  

Mooring line dynamics are modelled using MoorDyn, which uses a lumped mass 

approach that models each mooring line as a discrete number of concentrated 

masses connected by massless line segments. The MoorDyn model takes into 

account internal axial stiffness and damping forces, weight, buoyancy, 

hydrodynamic forces from Morison’s equation and contact forces from the 

seabed on the line segments. 
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HydroDyn and MoorDyn are used to model the additional dynamics due to the 

floating platform in both the low and mid fidelity modelling approaches in this 

work, since they have been validated for floating offshore wind turbine analysis 

[97,167,168], and implementing a model with higher order hydrodynamics in 

OpenFOAM would be very expensive. 

3.4.3 SOWFA-FAST coupling 

The actuator model classes in SOWFA can be used in isolation to model wind 

turbines as rigid structures only, with no deformation of the tower and blades and 

no additional dynamics due to a floating platform. In the mid fidelity modelling 

performed in this project using SOWFA, the motions due to the floating platform 

are handled by using an implementation of the actuator line model that is two-

way coupled with FAST, so that hydrodynamic loads can be calculated using 

HydroDyn. This two way coupling approach is detailed in Figure 3.6 [169]. The 

ALM coupled with FAST is implemented through a unique turbine model class 

provided in the SOWFA toolbox. In simulations using this coupling, OpenFOAM 

replaces InflowWind and the aerodynamic loading is calculated in SOWFA 

instead of AeroDyn. Each timestep, the actuator line model samples the inflow 

from the OpenFOAM domain at the location of the rotor, and feeds this 

information into FAST which computes the structural response. FAST then feeds 

this information back into OpenFOAM which updates the location and 

deformation of the turbine accordingly. The advantage of this approach is that 

mesh motion is not required in order to represent the flexible turbine components 

and the motions of the floating platform, which significantly reduces the 

computational cost. 

 

Figure 3.6: Two way coupling method between SOWFA and FAST, adapted from [169] 

Velocity OpenFOAM 

Apply blade forces and 

compute flow field 

FAST 

Apply velocities at blade 

sections, compute structural 

response and positions 
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3.5 High Fidelity FSI Modelling 

The most advanced modelling in this work involves fully resolving the fluid flow 

around the blade geometry using CFD, and computing the structural response 

using 3D finite element analysis. The implementation of this coupled model is 

described in this section. 

3.5.1 CalculiX 

The behaviour of the structure in response to the forces exerted by the fluid flow 

is calculated using the open source three-dimensional finite element code 

CalculiX [170]. The code is used to produce static, dynamic or thermal solutions 

to field problems involving structural mechanics or thermodynamics, and is 

capable of performing linear and nonlinear analysis. CalculiX was chosen 

because of its open source nature, and due to the existence of an adapter for the 

code coupling library preCICE (described in section 3.5.3). Information on the 

theory behind the finite element method in CalculiX can be found in Dhondt 

(2004) [171]. 

3.5.2 Geometry Resolved Modelling in OpenFOAM 

3.5.2.1 Generation of Body-Fitted Mesh 

To resolve the flow around the structure’s geometry, a body-fitted mesh is 

generated using the tool snappyHexMesh. This requires a background 

hexahedral mesh and a geometry file (in STL format) describing the structure’s 

surface as inputs. The snappyHexMesh algorithm generates a mesh of the 

geometry by refining the cells in the background mesh that intersect the geometry 

and aligning the cell edges with the geometry’s surface by ‘snapping’ the grid 

points onto the surface. The quality of the surface mesh is improved by specifying 

additional refinement to capture feature edges and curvature, and adding layers 

of cells around the surface to define a boundary layer. 

3.5.2.2 Mesh Motion 

In order to account for the effect of the solid structure’s deformation on the 

surrounding fluid flow, the fluid mesh will experience some level of deformation 

in each time window. The dynamic mesh motion is handled using OpenFOAM’s 
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displacementLaplacian motion solver. The deformation of the structure boundary 

is given by the coupling with CalculiX, and the mesh motion solver calculates the 

motion of the surrounding cells by solving Laplace’s equation for the cell 

displacement and diffusivity. The solver requires additional boundary conditions 

for the point displacement to be defined. For the presented simulations, quadratic 

inverse distance diffusion is defined, meaning that the diffusivity in Laplace’s 

equation for any point in the mesh is inversely proportional to the squared 

distance of the point from the moving boundary. 

3.5.3 preCICE 

The coupling between OpenFOAM and CalculiX in the high fidelity modelling is 

handled using preCICE (precise Code Interaction Coupling Environment) [172], 

a library of functions to enable multi-physics coupled simulations. The main 

functions provided by the preCICE library are: 

 Coupling schemes and acceleration methods for iterative coupling 

 Mapping methods for interpolating data between the grids provided for 

each solver 

 Communication between parallel processes 

 

 

Figure 3.7: Coupling between different codes using preCICE, from [173] 

preCICE is integrated with the solver codes to be coupled using glue codes 

referred to as adapters, as illustrated in Figure 3.7 [173]. The adapters used for 
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OpenFOAM and CalculiX in this work are the official adapters made publicly 

available by the preCICE developers [174]. The official preCICE adapter for 

CalculiX was originally developed by Cheung Yau [175] for conjugate-heat 

transfer (CHT) problems, and extended for use in FSI problems [174]. The fluid 

flow around the structure is solved in OpenFOAM using a preCICE adapter 

developed by Chourdakis [176]. 

The coupling between solvers can be either serial or parallel, and either implicit 

or explicit. Parallel coupling means that both solvers are executed 

simultaneously, whilst a serial coupling scheme means they are executed in turn. 

In implicit coupling, each solver is executed multiple times for each timestep until 

the convergence criteria are satisfied, whilst each solver is executed only once in 

explicit coupling. 

For the mapping of data between different grids, preCICE provides three options 

for the mapping method; nearest neighbour, nearest projection, and radial basis 

function (RBF) mapping. Nearest neighbour mapping is first order accurate, whilst 

nearest projection and RBF mapping are second order accurate. Mapping 

between solvers can have either a consistent or conservative constraint. In 

consistent mapping, the mapped value at a node is the same as the value at the 

corresponding node in the other grid, regardless of the difference in grid 

resolution. This method is used for normalized quantities, such as displacement. 

In conservative mapping, the number of nodes in each mesh is taken into 

account, so that the total value of the quantity for the whole interface is 

conserved. This method is used for mapping absolute quantities such as force. 

3.6 Chapter Summary 

In this chapter, the numerical methods to be studied and compared for analysis 

of floating wind turbines are presented. The methodologies covered in this 

chapter describe the approaches that will be used to model the wind input, 

aerodynamic loads, structural response and hydrodynamic loads of FOWTs with 

spar platforms. The computational tools used to implement these methodologies 

are also introduced. The described methodologies form the basis of the work 

presented in Chapters 4-6.  
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Chapter 4  

 

Comparison of an Actuator Line Model with 

Blade Element Momentum Theory in 

Uniform Wind 

 

4.1 Introduction 

In this chapter, an actuator line model of a wind turbine is defined and validated 

against experimental data. This chapter then investigates some of the known 

limitations associated with BEM theory applied to floating wind turbines. 

Predictions from the BEM method are compared with those from the actuator line 

model considering a range of simplified load cases covering those that have 

specific challenges for FOWTs or where the BEM method has known limitations. 

This includes the effects of platform motions due to waves, yaw misalignment, 

and misalignment between the wind and waves. This chapter aims to quantify the 

discrepancies between BEM and actuator line model predictions of floating wind 

turbine rotor loads where the wind input is identical for both models. The results 

of this chapter will indicate where the BEM model in tools such as FAST captures 

FOWT behaviour well and where a higher order model such as an ALM may be 

more appropriate choice in the design process, so that informed 

recommendations for the use of each model can be made. 

4.2 Investigation of Actuator Line Model Parameters for Coupled 

SOWFA-FAST Model 

In the OpenFOAM simulations, the turbine is represented using the actuator line 

model approach from SOWFA, which is described in section 3.3.2. The turbine 

blades are represented by a series of points along a line, and aerodynamic forces 
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are calculated for each point based on the lift and drag properties associated with 

the structure’s geometry. The tower and nacelle are represented in a similar 

fashion, though the aerodynamic contributions due to these components will be 

small compared to the blades. The calculated point forces are projected onto the 

fluid using a Gaussian smoothing function 𝜂𝜖, which is defined according to 

equation 3.42 in Chapter 3. The three model parameters that primarily influence 

the performance of the actuator line model are the Gaussian width parameter 𝜖 

(see equation 3.42) which determines the distribution of force from each actuator 

point onto the fluid domain, the grid resolution at the actuator line location ∆𝑥, 

and the number of actuator points 𝑁𝑏 used to discretise the blades (and the 

spacing between them, ∆𝑏, illustrated in Figure 4.1).  

4.2.1 Existing Guidelines for ALM Parameters 

Various guidelines and recommendations for defining an actuator line model and 

improving its accuracy have been published since the model was first introduced 

by Sørensen and Shen [69]. For the mesh resolution, Jha et al. [2] recommend 

choosing this so that 𝑅/60 ≤ ∆𝑥 ≤ 𝑅/30, where 𝑅 is the rotor radius, in order to 

ensure sufficient accuracy and computational efficiency. They also suggest a 

distribution of actuator points so that ∆𝑏 ≥ 1.5∆𝑥 in order to avoid overpredictions 

in the blade tip loads. However, the advice from Martinez et al. [178] contradicts 

this, and recommends that ∆𝑏 ≤ 0.75∆𝑥 to ensure a smooth distribution of forces. 

Since it is not possible to satisfy both recommendations, it is necessary to 

investigate the effect that this has on model predictions in order to determine a 

suitable value of Δ𝑏. 

For the Gaussian width 𝜖 Troldborg [179] recommends 𝜖 ≥ 2∆𝑥 to ensure 

numerical stability. Alternatively, Shives and Crawford [180] suggest that 𝜖 should 

Figure 4.1: Visualization of actuator line model in the fluid mesh 
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be proportional to the local blade chord length 𝑐, and present a guideline of 𝜖 =

𝑐/4 in order to capture the blade tip vortex. In addition, they suggest that a grid 

resolution of ∆𝑥 ≤ 𝜖/4 is necessary in order to accurately capture the tip vortex. 

However, these recommendations require a very fine mesh resolution (more than 

100 grid cells along the actuator line for most standard wind turbine blades). Jha 

et al. [181] propose an alternative method for improving tip load calculations by 

defining 𝜖 using an elliptical distribution function instead of a chord based 

function, which ensures that 𝜖 is kept small at the blade root and tip in order to 

avoid overpredicting the loads in these regions. 

4.2.2 Calibration Using NREL Phase VI Experiment 

Determining an actuator line model setup based on guidance from the literature 

is difficult since the recommendations vary or even directly contradict each other. 

Therefore, an investigation into the sensitivity of the model to some of these 

parameters was performed, where the model results are compared against 

experimental data from the literature. The objective of this study is to determine 

a model setup for the ALM that achieves good accuracy at a minimal 

computational cost, which will then be used to define an ALM to be used in a 

coupled SOWFA-FAST model of a floating wind turbine. 

Due to the lack of available aerodynamic load data for floating offshore wind 

turbines, a fixed turbine case study from Phase VI of the NREL Unsteady 

Aerodynamics Experiment campaign was used [182]. The experiment featured a 

stall regulated turbine with a 10 m diameter two-bladed rotor and a power rating 

of 20 kW. The turbine was pitch controlled and operated at a constant rotational 

speed of 72 rpm, and was tested in the NASA Ames wind tunnel at wind speeds 

ranging from 5 to 25 m/s. The full details of the experiment can be found in Hand 

et al.  [183]. In the parameter study presented here, the turbine is simulated with 

an upwind rotor in a uniform wind speed of 7 m/s. At this wind speed, there is no 

stall occurring at any point on the blade according to the experiment [182]. 

The actuator line model of the turbine was simulated in a fluid domain with the 

same dimensions as the NASA Ames wind tunnel, which has length 120 m, width 

36.6 m and height 24.4 m. The inflow wind speed over the rotor area is assumed 

to be constant and unaffected by the walls of the wind tunnel. The impacts of 

mesh resolution ∆𝑥, number of actuator line points 𝑁𝑏, and distribution of the 
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actuator forces (by varying the 𝜀 parameter for the blades) on the performance of 

an actuator line model coupled with FAST are investigated in this study. 

The impact of the number of actuator points 𝑁𝑏 was investigated by studying the 

results of an actuator line model with 20 and 40 actuator points distributed 

uniformly along each blade for a grid resolution of ∆𝑥 = 𝑅/30. This respectively 

corresponds to a relative resolution Δ𝑏/Δ𝑥 = 1.5, which satisfies the guidelines 

from Jha et al. [2],  and Δ𝑏/Δ𝑥 = 0.75, which satisfies the guidelines from Martinez 

et al. [178]. The sensitivity of the actuator line model to the grid resolution was 

studied by increasing the mesh refinement to ∆𝑥 = 𝑅/60. Two different 

approaches for determining 𝜖 are tested in this validation study based on 

recommendations from the literature. In the first approach, a constant value of 𝜖 

along the blade is used, and in the second, 𝜖 is defined using an elliptical function 

proposed by Jha et al. [181]. The elliptical distribution of 𝜖 is defined as follows: 

 

𝜀(𝑟) = max (𝑛𝑚𝑎𝑥Δ𝑥√1 − (
2𝑟

𝑅
)

2

, 𝑛𝑚𝑖𝑛Δ𝑥) 

(4.1) 

where 𝑛𝑚𝑖𝑛 and 𝑛𝑚𝑎𝑥 are user defined constants. The guidelines presented in 

Jha et al. [177] suggest defining 𝑛𝑚𝑖𝑛 = 1 and 𝑛𝑚𝑎𝑥 such that:   

 𝑛𝑚𝑎𝑥∆𝑥

𝑅
≈ 0.08 … 0.10 

(4.2) 

For the uniform 𝜖 approach, 𝜖 is chosen to be twice the width of the local grid 

resolution in accordance with the recommendation presented by Troldborg [179]. 

For the elliptic function of 𝜖, the constants are chosen according to the guidelines 

presented above, so that 𝑛𝑚𝑎𝑥 = 3 for the cases with a grid resolution ∆𝑥 = 𝑅/30 

and 𝑛𝑚𝑎𝑥 = 6 when ∆𝑥 = 𝑅/60 in order to satisfy the guideline presented in 

equation 4.2.  

4.2.3 Results 

The estimated rotor loads from the experimental data are presented in Table 4.1. 

The mean rotor loads predicted using the actuator line model in SOWFA with 

different parameter configurations and the predictions from FAST are presented 

in Table 4.2. 
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Table 4.1: Estimated aerodynamic thrust and torque from UAE Phase VI [183] 

 

Table 4.2: Mean rotor thrust and torque predicted by FAST and SOWFA with different actuator 
line model setups for the UAE Phase VI turbine 

When a uniform 𝜖 value is used with a grid resolution of 30 grid cells along the 

blade, the total rotor torque and thrust predicted by the actuator line model 

coupled with FAST are both within the range of values from the experimental 

data. However, when the mesh is refined to 𝑅/60, the total rotor loads become 

too low compared to the experimental values when 𝜖 = 2∆𝑥. When 𝜖 is defined 

as an elliptical function, the rotor loads are again predicted well for a grid 

resolution of 𝑅/30, however the predicted loads are larger when the grid was 

further refined. This suggests that the choice of 𝑛𝑚𝑎𝑥 = 6 used to define the 

elliptical function according to equation 4.1 was too large for this grid resolution 

and requires further investigation.  

Increasing the number of actuator points along each blade from 20 to 40 led to a 

very small improvement in the mean rotor load calculations for both force 

distribution approaches, with a slightly increased computational cost of around 

4% compared to the corresponding case with 𝑁𝑏 = 20. Increasing the local grid 

resolution from 𝑅/30 to 𝑅/60 led to a CPU cost that was approximately four times 

larger than the cases with the coarser grid. Increasing the grid resolution results 

in a large increase in the CPU cost of an actuator line model because the time- 

step must also be reduced so that the blade tip does not pass through more than 

one mesh cell per time step.  

 
Mean  Min.  Max.  

Thrust (N) 1128 1015 1206 

Torque (Nm) 778 665 848 

 
Thrust N) Torque (Nm) 

FAST (with BEM) 1196 795 

ALM, uniform 𝜖, Δ𝑥 = 𝑅/30, 𝑁𝑏 = 20  1170 783 

ALM, uniform 𝜖, Δ𝑥 = 𝑅/30, 𝑁𝑏 = 40 1149 772 

ALM, uniform 𝜖, ∆𝑥 = 𝑅/60, 𝑁𝑏 = 40 1035 621 

ALM, elliptical 𝜖, Δ𝑥 = 𝑅/30, 𝑁𝑏 = 20 1218 811 

ALM, elliptical 𝜖, Δ𝑥 = 𝑅/30, 𝑁𝑏 = 40 1211 804 

ALM, elliptical 𝜖, ∆𝑥 = 𝑅/60, 𝑁𝑏 = 40 1276 872 
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The experimental data for the aerodynamic loads has a high level of variability, 

as shown in Table 4.1, meaning it is difficult to tell which of the actuator line model 

setup gives the most accurate results based on this data alone. In order to give 

a better indication of the performance of each model setup, the local forces at 

different points along the blade were also examined. Figure 4.2 shows the mean 

normal force coefficients at five different points along the blade span for each 

actuator line setup, and how this compares with the experimental data and the 

BEM model in FAST. Likewise, Figure 4.3 shows the tangential force coefficients. 

FAST overpredicts the force in normal direction for the inboard half of the blade 

(close to the root), but the predictions improve for the outboard half. The 

tangential force is also overpredicted close to the blade root. The improved 

predictions close to the tip may be in part attributed to the use of the Prandtl tip 

loss correction in the FAST model. The use of a uniform value of 𝜖 without a tip 

loss correction model leads to overpredicted loads close to the blade tip for a grid 

resolution Δ𝑥 = 𝑅/30. When an elliptical 𝜖 function is used, the loading at the low 

Figure 4.2: Normal force coefficients at different positions along the blade. The error bars 
represent one standard deviation either side of the mean for the experimental data 
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to mid-span locations along the blade is overpredicted, however the estimated tip 

loading is significantly improved compared to the uniform 𝜖 cases and the overall 

‘shape’ of the normal force distribution is closer to that of the experimental values 

and the predictions from FAST with the BEM method. Increasing the number of 

actuator points 𝑁𝑏 defined along each blade to 40 was shown to have very little 

effect on the predicted load distribution. 

When a uniform value of 𝜖 is used with a finer grid resolution, the tip loading is 

improved, but the predicted loads in the midspan region – particularly the 

tangential forces – are underpredicted. The forces predicted at the 0.63R location 

for this case are particularly low, which is suggested to be related to a numerical 

error since the normal force coefficient at this location was found to oscillate with 

a very large amplitude (with an approximate range −2 < 𝐶𝑛 < 3. A negative value 

of the normal force coefficient implies a reverse in direction of the force, which is 

not physically possible). The same numerical behaviour was observed for the 

normal force coefficient at the 0.47R location in both of the uniform 𝜖 cases where 

Δ𝑥 = 𝑅/30, but was not observed for any of the cases where an elliptical 𝜖 was 

Figure 4.3: Tangential force coefficients at different positions along the blade. The error bars 
represent one standard deviation either side of the mean for the experimental data 
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used. This may suggest that the relative value 𝜖 = 2Δ𝑥 is not large enough in the 

midspan region of the blade where the force should theoretically be largest.  

In the case of the elliptical distribution of 𝜖 and a fine grid, the tip loading is 

predicted well, and the ‘shape’ of the force distribution is similar to the cases with 

a coarser grid, but the force is significantly overpredicted in the low to mid-span 

region, which leads to overestimated total rotor loads as shown in Table 4.2. This 

further suggests that the choice of 𝑛𝑚𝑎𝑥 = 6 used to define the elliptical 

distribution according to equation 4.1 is too large.  

The results from this investigation suggest that the value of 𝜖 requires further 

tuning for actuator line models on fine grids, which was not conducted in this work 

due to time constraints. The definition of an elliptical distribution of 𝜖 with a smaller 

value of 𝑛𝑚𝑎𝑥 for an ALM on a fine grid may result in more accurate force 

predictions that are in between those for the uniform function and the elliptical 

function demonstrated here. However, this would still incur a significantly higher 

computational expense than the coarser grid. The results from the cases with an 

elliptical 𝜖 function and a grid resolution of ∆𝑥 = 𝑅/30 overall showed the closest 

match with the experimental data for the distribution of forces along the blade, 

and also showed good agreement with FAST; when 𝑁𝑏 = 40, the difference 

between the ALM and FAST predictions was around 1% for both the total thrust 

and torque. It was therefore decided that this choice of a coarser grid resolution 

was sufficient for this study. 

The actuator line model setups described above have been validated against a 

single case in this study. It is noted that these parameter configurations may not 

provide the same level of accuracy for different wind conditions or turbine 

geometries, and the optimal parameter configuration will be case dependent. 

However, the presented calibration study confirms that the ALM with a grid 

resolution Δ𝑥 = 𝑅/30 is capable of predicting the total integrated aerodynamic 

loads and their distribution along the rotor blades with generally good accuracy, 

particularly when an elliptic distribution of 𝜖 is used, which helps to improve 

confidence in the model. 
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4.3 FOWT Simulation Setup 

4.3.1 FAST Model Description 

In the FAST simulations, the rotor aerodynamics are modelled using BEM theory. 

The BEM model estimates the apparent wind speed and induction at the rotor 

using an iterative procedure as described in Chapter 3, and uses a number of 

empirical corrections to account for complex flow effects that are not explicitly 

modelled. The influence of the tower on wind flow is accounted for using a 

potential flow model [49]. 

4.3.2 Floating Turbine Model Setup 

The NREL 5 MW reference turbine [184] is modelled in all subsequent 

simulations presented in this chapter. This is a fictitious turbine that is based 

primarily on the REpower 5 MW turbine [185]. The key parameters are listed in 

Table 4.3. 

Table 4.3: Key parameters of the NREL 5 MW turbine [184] on the OC3 Hywind spar platform 
[186] 

 

For the floating turbine simulations, the NREL 5 MW turbine is mounted on the 

OC3-Hywind spar platform [186], which was designed for Phase IV of the IEA 

Wind Task 23 Offshore Code Comparison Collaboration (OC3), and was based 

on the original spar buoy concept designed by Statoil for the Hywind Demo 

Rated power 5 MW 

Number of blades 3 

Rotor configuration Upwind 

Rotor diameter 126 m 

Hub diameter 3 m 

Hub height above MSL 90 m 

Cut-in, rated, cut out wind speed 3, 11.4, 25 m/s 

Min, max (rated) rotor speed 6.9, 12.1 rpm 

Platform draft 120 m 

Spar diameter above cone section 6.5 m 

Spar diameter below cone section 9.4 m 
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project in 2009. The platform is anchored to the seabed via three catenary 

mooring lines. 

In the SOWFA simulations, the actuator line model calculates the aerodynamic 

loads according to the blade element theory presented in Chapter 3, however 

instead of using an iterative procedure, the apparent wind speed is sampled 

directly from the blade element’s location within the fluid domain. Unlike in the 

FAST simulations, the fluid flow in the OpenFOAM domain is affected by the 

presence of the turbine due to the forces exerted on the fluid by the actuator line 

model. 

 
Figure 4.4: Visualization of the computational domain in OpenFOAM (not drawn to scale), 
showing regions of local mesh refinement of the computational mesh around the turbine location 
(represented by the blue lines) 

In OpenFOAM, the actuator line model is positioned within a rectangular domain 

consisting of a hexahedral mesh which extends 1600 m in the horizontal x- and 

y-directions and 400 m in the vertical z-direction. The background mesh 

resolution is 16 m in each direction, and the mesh is locally refined three times 

by halving the cell width in each direction in the region where the actuator line 

model is positioned so that the mesh resolution in this region is 2 m, which 

equates to roughly 30 cells along each 61.5 m long blade in accordance with the 

chosen setup described in section 4.2. The computational domain is illustrated in 

Figure 4.4. The wind flows in the positive x-direction in all cases. Unless stated 

otherwise, the waves propagate along the same direction as the wind. The 

equilibrium position of the turbine is located at a distance equivalent to 5 times 

the rotor diameter from the inlet boundary. The actuator lines representing each 

blade consist of 40 actuator points uniformly distributed along the blade span, 

and the Gaussian width parameter 𝜖 is defined according to an elliptical function 

as described in section 4.2. 

∆𝑥 = 8 𝑚 

∆𝑥 = 4 𝑚 

∆𝑥 = 2 𝑚 

∆𝑥 = 16 𝑚 Wind direction 

z 

x 
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A uniform wind condition is specified in all presented simulations in order to limit 

additional sources of unsteady loading on the turbine. In the FAST simulations, a 

steady wind condition is used with a constant, uniform wind speed. The 

OpenFOAM simulations use free-slip conditions on the side, top and bottom 

boundaries, meaning that the boundaries have no effect on the flow velocity. A  

RANS approach with the 𝑘 − 𝜖 turbulence model is used. All simulations are 

performed with the turbine initialised at the equilibrium position. The baseline 

control system for the NREL 5 MW turbine including adjustments for the OC3 

Hywind platform [186] is enabled for all simulations, so that the rotor speed and 

blade pitch angle will be adjusted based on the inflow speed. The nacelle yaw 

angle is fixed for all simulations, where a yaw angle of 0° is aligned with the x-

axis and therefore the wind propagation direction. In both the FAST and SOWFA 

simulations, the turbine is simulated for a total of 1200 seconds of simulation time, 

where the final 300 s are used for analysis in order to omit any start-up transients.  

4.4 Impact of Wave Height and Period 

A floating offshore wind turbine is subjected to platform motions due to wave 

excitation, which affects the relative wind inflow speed at the rotor and 

subsequently the aerodynamic loads and power production. The level of variation 

in the relative wind speed due to platform motions will depend on the amplitude 

and frequency of the incident waves. In particular, as the surge and pitch motion 

amplitudes increase, the effect of wake interactions on rotor aerodynamics may 

also increase [89,187]. It is therefore important that numerical models of floating 

offshore wind turbine aerodynamics are able to take into account the effect of 

waves and resulting platform motions. The impact of waves on the predicted 

aerodynamic loads of a FOWT using the BEM and ALM methods is investigated 

by simulating the NREL 5 MW on a spar platform in four different regular wave 

conditions. In addition, a control case featuring the NREL 5 MW on a fixed 

foundation without waves is simulated in order to directly demonstrate the 

additional effects that wave-induced floating platform motions have on FOWT 

aerodynamics according to each model. The wave kinematics are simulated 

using linear Airy wave theory and the hydrodynamic forces on the spar are 

calculated using potential flow theory and Morison’s equation as described in 

Chapter 3. Wave heights of 4 m and 8 m and wave periods of 6 s and 12 s are 
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considered. The chosen parameters approximately represent mild and more 

extreme sea conditions for the spar platform [186,188], though it is acknowledged 

that not all combinations of the wave parameters examined in this study represent 

realistic sea states (in particular, a wave height of 8 m is larger than realistic 

values that would likely occur for a wave period of 6 s). Instead, the larger wave 

height and period values are chosen to be twice the magnitude of the smaller 

values so that their individual impact on model predictions of FOWT dynamics 

can be easily interpreted whilst limiting the number of simulations in order to 

reduce computational cost. The selected wave periods do not coincide with any 

of the floating platform natural periods, which are listed in Table 4.4. In each case, 

the NREL 5 MW turbine is simulated in a constant uniform wind speed of 8 m/s 

with the wind propagation direction aligned with turbine nacelle yaw angle. In the 

fixed turbine simulations, there are no waves or hydrodynamic effects 

considered. In the floating turbine simulations, the propagation direction of the 

regular waves is aligned with the wind direction.  

Table 4.4: OC3 Hywind spar platform natural periods [189] 

Platform mode Natural Period (s) 

Surge 125 

Sway 125 

Heave 31.3 

Roll 29.4 

Pitch 29.4 

Yaw 8.3 

 

4.4.1 Platform Motions 

The platform motions predicted by each model for the floating turbine in the 

smallest waves simulated are shown in Figure 4.5.  The wave propagation 

direction is aligned with the surge and pitch directions, so these are the modes 

that are predominantly excited by the waves in this case. However, the 

amplitudes of the floating platform motions in this case are small; the platform 

surge motion amplitude is around 0.7 m and the pitch motion amplitude is less 

than 0.5°. This is in part due to the constant uniform wind speed without explicitly 

modelled turbulent fluctuations. SOWFA predicts a slightly larger mean deviation 
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from the equilibrium position than FAST for almost all platform modes, but there 

is overall very little difference between the two model predictions for the platform 

response. 

The platform surge and pitch motion in each wave condition are plotted in Figure 

4.6. The floating platform response is directly related to the wave excitation; the 

motion period coincides with the wave period, and any increase in the wave 

amplitude will correspond with the same proportional increase in the surge and 

pitch amplitudes. Doubling the wave period alone leads to surge and pitch 

amplitudes that are four times the values for the baseline case. The mean 

deviation from the equilibrium position does not change significantly with wave 

height or period since this is driven primarily by the wind and the resulting rotor 

thrust force, which is examined in the following section. There is a small mean 

offset between the FAST and SOWFA predictions of both surge and pitch 

motions, which is due to differences in the mean rotor thrust force, however the 

amplitude and phase of the platform motions are almost identical in all cases. 

This is shown in Appendix A, where the offset is removed by plotting the FAST 

results with the mean offset added to all values.  
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(e) Pitch 

(a) Surge 

(b) Sway 

(c) Heave 

(d) Roll 

(f) Yaw 

Figure 4.5: Platform motions for the floating spar turbine in waves with 4 m height and 6 s period 
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4.4.2 Rotor Power and Thrust 

The mean values and variation due to floating platform motion for the rotor 

aerodynamic power predicted in each wave condition are shown in Figure 4.7, 

while Figure 4.8 shows the axial thrust force. Aerodynamic or mechanical power 

is calculated as a product of the rotor torque and rotational speed, as described 

in section 3.3.1.  

 

Figure 4.6: Surge and pitch motions of the floating platform under different wave conditions. 
Dashed lines represent predictions from FAST, solid lines represent SOWFA 
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Figure 4.7: Rotor power in different wave conditions, U = 8 m/s. • represents the mean value, 

error bars represent the peak-to-peak variation due to floating motion 

 

Figure 4.8: Rotor thrust in different wave conditions, U = 8 m/s. • represents the mean value, error 

bars represent the peak-to-peak variation due to floating motion 
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The actuator line model in SOWFA predicts higher mean loads than the BEM 

model in FAST for the NREL 5 MW turbine on both a fixed and floating foundation. 

This is consistent with observations from previous comparative studies in the 

literature where a tip loss correction factor is not used in actuator line modelling 

of the NREL 5 MW turbine [177,178,190]. In the present study, the average power 

and thrust predicted by SOWFA are respectively 10.9% and 4.8% higher than the 

FAST predictions for the fixed turbine. For the same ALM setup for the 

experimental UAE Phase VI turbine in section 4.2, the predicted torque and thrust 

were 1.1% and 1.3% higher than the respective FAST predictions. The larger 

differences observed in Figures 4.7 and 4.8 may be in part attributed to the more 

complex control system defined for the NREL 5 MW turbine; the experimental 

scale turbine operates at a fixed rotational speed, while the 5 MW turbine 

rotational speed varies with the apparent inflow wind speed. The average 

rotational speed for the fixed turbine in FAST was 8.96 rpm, while SOWFA 

predicted this to be 3.4% higher, at 9.27 rpm, which suggests a difference in the 

induced velocity calculated by each model. This will therefore result in a larger 

difference in the rotor loads, since they are a function of the rotor speed. 

Alternatively, it may be that a finer grid resolution and a smaller Gaussian width 

parameter would improve ALM predictions for this turbine. Since the NREL 5 MW 

reference turbine is fictitious, there is no experimental data available to validate 

the numerical models, and it is not possible to tell which model’s predictions are 

closer to the ‘true’ values. 

Figure 4.7 shows that the addition of platform motions due to wave excitation 

generally corresponds to an increase in the mean rotor power. This is consistent 

with previous numerical [63,191] and experimental findings [192] for high tip 

speed ratio cases. The difference between FAST and SOWFA predictions is 

larger for the floating turbine than the fixed case, with SOWFA predicting a larger 

increase in power due to platform motions. Notably, FAST predicts that the mean 

rotor power for a floating turbine in waves of 4 m height and 6 s period will be 

approximately the same as if the turbine was fixed, whilst SOWFA predicts a 

small increase of approximately 2.7%. Both models predict a substantial increase 

in the mean thrust force for a FOWT compared to a fixed turbine. This is because 

the thrust term includes effects from gravity and inertial loading of the rotor, which 

will be increased due to the nonzero mean pitch angle that increases the relative 
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rotor tilt. The increase in thrust force is similar for both models; in FAST, the 

predicted mean thrust for the floating turbine is 10-12% higher than for the fixed 

turbine (depending on the wave conditions), while in SOWFA the mean thrust 

increases by 12-13%.  

When the floating platform oscillates with the waves, the rotor loads of a floating 

turbine experience periodic variation resulting from fluctuations in the relative 

wind speed and inflow angle [34]. The increase in platform motion due to 

increased wave height and period subsequently corresponds to an increase in 

the rotor load variation. It is observed that when the wave height is 8 m, the 

amplitude of the rotor power and thrust are nearly twice as large compared to the 

case where the wave height is 4 m (when the wave period does not change). 

When the wave period length doubles, the corresponding effect on the rotor 

power variation is significantly greater than the effect of increasing the wave 

height, as was observed for the surge and pitch motion amplitudes, however the 

increase in the thrust variation is much smaller than observed for the increased 

wave height, even though the platform surge and pitch amplitudes are larger in 

longer wave periods as shown in Figure 4.6. When both the wave height and 

period are doubled, the rotor power amplitude is more than six times larger than 

for the baseline case.  

FAST consistently predicts a larger (by 7-24%) variation in the power than 

SOWFA for the floating turbine. This may be significant when estimating fatigue 

loads of components due to torque fluctuations, and the choice of model may 

have an impact for example in the design of a control system in order to reduce 

power fluctuations. It is possible that the empirical dynamic inflow model used in 

the BEM model overestimates the impact that platform motions have on the 

unsteady aerodynamics compared to the actuator line model which resolves 

more of the flow effects than the BEM method. However, it is difficult to know 

which model results in more accurate predictions without experimental validation. 

4.5  Impact of Yaw Misalignment 

The wind inflow direction is rarely aligned exactly with the rotor axis of a wind 

turbine for several reasons; the wind direction varies over time and will naturally 

have some fluctuation due to turbulence, and the yaw control system on a wind 
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turbine must have a delayed response to the instantaneous wind in order to 

ensure stable operation. In addition, turbines in wind farms may be intentionally 

yaw misaligned in order to redirect their turbulent wakes away from downstream 

turbines [193,194]. There have been numerous studies of impact of yawed inflow 

on the aerodynamic loads of fixed turbines [27,195], but floating wind turbines 

have an additional level of complexity due to the low yaw stiffness of many 

floating support structure designs [9]. This may result in additional motions that 

will further impact the response of a floating wind turbine. The impact of yawed 

conditions on floating wind turbine loads must therefore be understood.  

When a wind turbine is operating in yawed flow, the aerodynamic loading on the 

rotor becomes asymmetric and experiences cyclic variation as a result of the 

variation in the angle of attack with azimuthal position. Yawed inflow conditions 

also generate a strong spanwise component of induced velocity across the rotor, 

which leads to a skewed wake structure being developed [50]. In the presented 

simulations, the rotor yaw angle of a floating wind turbine is varied from 0-30°, 

and the effect of this on the rotor and blade loads and platform motions is studied. 

The turbine is simulated in two wind conditions: a below rated wind speed of 8 

m/s where the blade pitch controller will not be active, and an above rated wind 

speed of 16 m/s where the pitch controller will be actively pitching the blades, 

which will further impact the rotor loads. The purpose of this is to provide insight 

into the effect of yaw misalignment on model predictions of rotor loads in different 

wind conditions. The turbine is simulated in regular waves with a 4 m height and 

6 s period, which were the smallest waves simulated in the previous section. The 

wave propagation direction is aligned with the wind for all simulations. 

4.5.1 Rotor Power and Thrust 

4.5.1.1 Below Rated Wind Speed 

The results for the mean predicted power output and thrust force from the FAST 

and SOWFA models are shown in Figure 4.9. Increasing misalignment between 

the rotor and the wind flow direction causes the apparent wind speed at the rotor 

to decrease, since the component of the wind speed aligned with the rotor axis 

decreases in magnitude. For the below rated wind condition, this causes the rotor 

loads to decrease with increasing yaw misalignment.  
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The rotor power loss due to a yaw angle 𝛾 can be approximated according to the 

relationship 𝑃𝛾/𝑃0 = 𝑐𝑜𝑠(𝛾)𝑥, where 𝑃0 is the power when the turbine is aligned. 

The exponent 𝑥 is often assumed to have a value of 3 for small yaw angles [27], 

however experimental investigations have shown that this can vary widely [196].  

A recent study by Simley et al. [197] demonstrated that the value of 𝑥 is 

dependent on the wind speed, and estimated that 𝑥 is between 1.3 and 2.3 for a 

wind speed of 8 m/s. In the simulations presented in this work, the power loss 

due to yaw was found to decrease with 𝑐𝑜𝑠(𝛾)𝑥, where 𝑥 = 1.78 according to 

SOWFA and 𝑥 = 2.68 according to FAST, as plotted in Figure 4.9. For the rotor 

thrust, a curve of best fit (represented by dashed lines) is plotted for each set of 

model results, which is chosen to be a third order polynomial curve so that it 

passes through all four data points. Similar to the model predictions of the rotor 

power loss, FAST predicts a steeper decline in the rotor thrust with increasing 

yaw misalignment than SOWFA. 



98 
 

 

The difference between FAST and SOWFA’s estimations of the power and thrust 

decrease with increasing yaw misalignment suggests that the wind sampled in 

OpenFOAM by the actuator line model has a greater velocity component aligned 

with the rotor axis than that predicted by the BEM model with the Pitt/Peters 

skewed wake correction in FAST when the rotor is yawed. This may be significant 

when estimating the loading of floating turbines on platforms with a low yaw 

stiffness or intentionally yaw-misaligned turbines in wind farms that may spend a 

significant amount of time in yawed conditions. According to FAST, the mean 

Figure 4.9: Mean rotor power and thrust at different rotor yaw misalignment angles, U = 8 m/s 
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rotor power at a yaw misalignment angle of 30° is 32% lower than for the aligned 

case, and the mean thrust is 17% lower. According to SOWFA, the mean power 

and thrust drop by 23% and 13% respectively at 30° of yaw misalignment. The 

value of the exponent 𝑥 from FAST is larger than the estimated values from the 

literature, meaning it is possible that the skewed wake model in FAST 

overestimated the power loss, though it must be reiterated that it is not possible 

to know for certain without experimental validation for this turbine. The larger 

power loss due to rotor misalignment predicted by FAST may also be a 

contributing factor in FAST predicting a smaller increase in power than SOWFA 

for a floating turbine compared to the fixed case, as observed in Figure 4.7. This 

is because the floating turbine experiences platform pitching about a nonzero 

mean pitch angle, which results in a larger and more variable rotor tilt 

misalignment. 

The amplitude of the cyclic thrust variation due to wave induced platform motion 

is shown to decrease as yaw misalignment increases, and both FAST and 

SOWFA agree well on this, as shown in Figure 4.10. The impact of increased 

rotor misalignment on the power variation for a floating turbine is less obvious. 

FAST predicts a significantly larger variation in the rotor power than SOWFA for 

yaw angles up to 20°, then predicts a sharp decrease in the variation as yaw 

increases from 20° to 30°. According to FAST, the largest variation in power 

occurs at a yaw angle of around 10°, while SOWFA predicts that the largest power 

variation occurs when the rotor is aligned with the wind. SOWFA predicts that the 

power variation decreases as yaw misalignment increases up to 20°, but then 

increases when the yaw misalignment is further increased to 30°, which 

contradicts the results from FAST. This difference may again be significant in the 

design process when estimating fatigue loads for floating turbines that are 

frequently misaligned with the wind.  
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Figure 4.10: Variation in rotor power and thrust at different rotor yaw misalignment angles, U 
= 8 m/s 
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4.5.1.2 Above Rated Wind Speed 

For the above rated wind condition, as yaw misalignment increases the blade 

pitch controller acts so that the power remains constant at the rated value. The 

thrust increases, since the apparent wind speed is closer to the turbine’s rated 

wind speed value of 11.4 m/s, at which maximum rotor thrust occurs. For a large 

enough angle of misalignment, the apparent inflow wind speed would drop below 

the rated value and the rotor power and thrust would decrease.  

 
Figure 4.11: Mean rotor power and thrust at different rotor yaw misalignment angles, U = 16 m/s 
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The mean power and thrust predicted by FAST and SOWFA for a wind speed of 

16 m/s are shown in Figure 4.11. Figure 4.12 shows the power and thrust 

variation. The model predictions of the mean rotor power are identical, since this 

remains constant at the rated value for all yaw angles. FAST and SOWFA predict 

similar values for the mean rotor thrust, with less than 1.3% difference between 

the two models. Both models predict an increase in the mean thrust of around 

12% at 30° yaw compared to the aligned case, and that the thrust and power 

oscillations decrease in amplitude with increasing yaw. However, FAST 

Figure 4.12: Variation in rotor power and thrust at different rotor yaw misalignment angles, 
U = 16 m/s 
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consistently predicts a larger amplitude of both rotor load variations than SOWFA 

for all yaw conditions. 

4.5.2 Blade Loads 

4.5.2.1 Below Rated Wind Speed 

The mean values for the blade root flapwise and edgewise bending moments are 

plotted in Figure 4.13, and the bending moment variation in each direction are 

plotted in Figure 4.14. The mean values for the flapwise and edgewise root 

bending moments both decrease as yaw misalignment becomes large, though 

SOWFA predicts that the mean edgewise bending initially increases for a small 

angle of yaw misalignment. Similar to the observed rotor power and thrust 

predictions, the difference between SOWFA and FAST predictions increases with 

yaw misalignment for both flapwise and edgewise bending mean values, with 

SOWFA predicting a smaller decrease than FAST with increasing yaw. In below 

rated conditions where the blades are not pitching, a flapwise bending moment 

at the blade root corresponds with out of plane bending, which is a function of the 

rotor thrust force, and so the effect of rotor yaw misalignment on the mean blade 

root flapwise bending moments is therefore very similar to that of the mean thrust. 

A significant difference is observed for the model predictions of the blade root 

flapwise bending moment variation with increasing yaw misalignment. FAST 

predicts that the range of bending moment values at 30° yaw misalignment will 

be 39% larger than for the aligned case, whilst SOWFA predicts an increase of 

just 13%. This should be taken into account when estimating the blade fatigue 

loads, as it may suggest that the empirical skewed wake and dynamic inflow 

models overpredict the impact of yaw misalignment on the blade load 

fluctuations. 
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(a) Flapwise bending 

(b) Edgewise bending 

Figure 4.13: (a) Mean blade root flapwise and (b) edgewise bending moment at different rotor 
yaw misalignment angles, U = 8 m/s 
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4.5.2.2 Above Rated Wind Speed 

The mean values for the flapwise and edgewise bending for the above rated 

cases with increasing yaw are plotted in Figure 4.15, and the variations for each 

bending direction are shown in Figure 4.16. Both the mean flapwise and 

edgewise bending moment values increase with increasing yaw misalignment at 

this wind speed.  

(c) Flapwise bending 

(d) Edgewise bending 

Figure 4.14: Variation in blade root (a) flapwise and (b) edgewise bending moment at different 
rotor yaw misalignment angles, U = 8 m/s 
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The two models disagree on the effect that increasing yaw misalignment has on 

the cyclic variation in the blade flapwise bending moment. Whilst SOWFA 

predicts that the variation decreases consistently as yaw misalignment increases, 

FAST predicts little change overall in the variation, and the largest variation in the 

bending moment is observed for a yaw angle of 20°. At the largest simulated yaw 

angle (30°), FAST predicts a noticeably larger variation in the blade root flapwise 

(a) Flapwise bending 

(b) Edgewise bending 

Figure 4.15: (a) Mean blade root flapwise and (b) edgewise bending moment at different rotor 
yaw misalignment angles, U = 16 m/s 
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bending moment than SOWFA, similar to that observed in the below rated case. 

There is little change in the cyclic variation for the edgewise bending moment.  

 

4.6 Impact of Wind/Wave Misalignment 

The IEC 61400-3-2 standard for floating offshore wind turbine design [198] states 

that misalignment between the wind and waves interacting with a floating wind 

(b) Edgewise bending 

(a) Flapwise bending 

Figure 4.16: Variation in blade root (a) flapwise and (b) edgewise bending moment at different 
rotor yaw misalignment angles, U = 16 m/s 
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turbine may lead to bi-directional wave loading which can have a significant effect 

on tower base fatigue. Previous work has shown that while most extreme loading 

on a spar platform occurs when the wind and waves are aligned, it is important 

to consider wind and wave misalignment in order to estimate the side-side 

bending behaviour of the tower when calculating fatigue loading [199].  

The effect of misaligned wind and waves is investigated by simulating the spar-

mounted NREL 5 MW turbine in conditions where the wind is aligned with the 

turbine rotor axis and the wave propagation direction is perpendicular to the wind.  

The results from this simulation are compared against the baseline case with 

aligned wind and waves. 

4.6.1 Platform Motions 

The alignment of the wind and waves has a negligible effect on the mean position 

of the turbine, as shown in Figure 4.17. However, the propagation direction of the 

waves strongly affects the fluctuations in the floating platform response. In the 

aligned wind and waves case, the waves (and wind) propagate in the direction 

aligned with the surge axis, so surge and pitch are the dominant motions. 

However, in the 90° misaligned case, the waves propagate along the sway axis, 

so the sway and roll modes are excited and the surge and pitch motions become 

very small. A significant increase in the yaw response is also observed, since this 

is coupled with the roll motions [200]. The sway and roll amplitudes in the 

misaligned wind and wave case are roughly equal to the surge and pitch 

amplitudes respectively in the aligned cases. 
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4.6.2 Rotor Power and Thrust 

The rotor power and thrust for the aligned and misaligned wind and wave cases 

are plotted in Figure 4.18. The fluctuations in rotor loads are significantly smaller 

for the wave misalignment case than for the aligned case, since the axial 

(e) Pitch 

(f) Yaw (c) Heave 

(d) Roll (a) Surge 

(b) Sway 

Figure 4.17: Platform motions for the floating turbine in aligned and misaligned wind and waves 
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component of the relative wind speed at the rotor strongly depends on surge and 

pitch motions and is mostly unaffected by sway and roll motions. The rotor thrust 

amplitude is decreased by around 90% in the perpendicular wind and waves case 

compared to the aligned case, whilst the rotor power amplitude is decreased by 

nearly a half. A small decrease (around 2%) is observed for the rotor power in 

Figure 4.18:  Rotor power and thrust in aligned and misaligned wind and waves, U = 8 m/s 
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misaligned wind and waves compared with the aligned case, whilst the mean 

rotor thrust does not change.  

 

(a) Fore-aft bending 

(b) Side-side bending 

Figure 4.19: Tower base bending moment in the (a) fore-aft and (b) side-side directions in aligned 
and misaligned wind and waves, U = 8 m/s 
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4.6.3 Tower Base Bending 

The bending moment in the fore-aft and side to side directions at the tower base 

for the aligned and misaligned wind and waves is plotted in Figure 4.19. For a 

floating wind turbine, the fore-aft tower base bending is strongly influenced by the 

platform pitch response, so when the wind and waves are perpendicular to each 

other and the pitch motions become very small, the tower fore-aft bending 

response also drastically reduces. However, the side-side bending response 

becomes much larger due to the increased roll and yaw motions. It should be 

noted that whilst the tower side-side bending response does become much larger 

than the fore-aft bending response in the misaligned case, the fore-aft bending 

moment was still larger than the side-side bending moment at any point in time. 

SOWFA predicts slightly larger mean and maximum values for both bending 

moments than FAST in both the aligned and misaligned wind and wave cases, 

which can be attributed to the larger mean aerodynamic loads that are 

consistently predicted by SOWFA.  

4.7 Chapter Summary 

In this chapter, the use of an actuator line model approach for analysing floating 

offshore wind turbines is investigated and the results are compared against those 

from FAST for a range of load cases. The results of this chapter highlight the 

discrepancies between model predictions using BEM and ALM approaches. 

Furthermore, the results indicate the load cases for FOWTs where these 

discrepancies are amplified, potentially due to shortcomings associated with the 

empirical corrections used in the BEM approach. The key findings from this 

chapter are as follows: 

1. The actuator line model is capable of achieving good agreement with 

experimental data, particularly for the rotor torque and therefore 

mechanical power, however the model is highly sensitive to a number of 

setup parameters, particularly the grid resolution and the 𝜖 parameter 

which determines the distribution of the actuator forces onto the fluid 

domain. Defining 𝜖 as an elliptical function along the blade leads to 

improved predictions of the loading in the blade tip region compared to 

cases with uniform value of 𝜖, and may help to avoid errors associated 
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with numerical oscillations. Using finer grids does not necessarily improve 

the performance of the model, and may require the tuning of additional 

parameters. 

2. When the wind speed is below the rated value, both the BEM model in 

FAST and the ALM in SOWFA generally predict that a floating spar-

mounted turbine will have a higher mean power output than its bottom 

fixed equivalent. The predicted increase is slightly larger in SOWFA than 

in FAST, which may be in part due to the platform pitching motion and 

nonzero mean pitch (or heel) angle in the floating case, which causes the 

overall rotor misalignment about the tilt axis to be larger and more variable. 

3. An increase in the wave height leads to a near proportional increase in the 

rotor load variation, whilst an increase in the wave period leads to a large 

increase in the rotor power but a much smaller increase in the thrust. FAST 

predicts a rotor power variation that is 7-24% larger than the prediction 

from SOWFA, which may suggest that the empirical dynamic wake model 

in FAST overpredicts unsteady aerodynamics due to platform motions. 

4. The most significant differences between the FAST and SOWFA 

predictions for floating wind turbines were found in the cases involving 

rotor yaw misalignment. BEM method predicts a steeper decline in the 

mean rotor and blade loads with increasing yaw misalignment than the 

ALM, and it has been demonstrated that the empirical skewed wake model 

in FAST may overestimate power losses due to yaw. BEM also predicts a 

larger variation in the blade bending moments at high yaw angles, which 

may lead to larger predicted fatigue loads than if an ALM is used. 

5. Misalignment between the wind and waves increases the roll and yaw 

motions which subsequently increase the tower base side-side bending 

moment, however the tower bending in the fore-aft direction remains 

dominant. 

6. Experimental validation is necessary to determine the extent to which 

observed differences between FAST and SOWFA are due to inaccuracies 

in the empirical models used in FAST or the need for further tuning of the 

actuator line model parameters in SOWFA. 

Based on the findings in this chapter, the following recommendations are made: 
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1. The BEM method in FAST is shown to be capable of modelling the effect 

of wave-induced floating platform motions on the aerodynamic loads with 

similar predictions to the ALM used in the SOWFA-FAST coupled model, 

and is therefore indicated to provide a satisfactory approximation of FOWT 

aerodynamic behaviour in these simplified conditions. 

2. The ALM may be more suitable than BEM for cases involving significant 

yaw misalignment, where differences between model predictions of blade 

bending behaviour become significant. This would be important for wind 

turbines that are intentionally misaligned in order to deflect their wake from 

downstream turbines, and FOWTs with a low platform yaw stiffness that 

may result in large angles of rotor yaw misalignment. This may also be 

significant for FOWTs that experience a large heel angle due to platform 

pitching. 

3. If an ALM is used, careful attention must be paid to the parameter set up, 

because the optimal numerical configuration may not be the same for all 

turbines, as indicated by the significantly larger difference between the two 

models for the NREL 5 MW compared to the NREL UAE Phase VI. It is 

recommended that the chosen configuration is validated for multiple 

experimental cases in order to increase confidence in the modelling.



Chapter 5  

 

Impact of Turbulent Wind Input on Model 

Performance 

 

5.1 Introduction 

Chapter 4 featured a model to model comparison for simplified load cases, 

however, the results could not be validated against any real world data since the 

NREL 5 MW turbine is fictitious. In this chapter, the performance of the numerical 

models examined in Chapter 4 are assessed by validating against measured 

environmental data and platform motions from large scale floating offshore wind 

turbines. The performance of coupled numerical models for predicting floating 

offshore wind turbine behaviour is investigated firstly in operational conditions 

involving power production, and secondly for extreme conditions where the 

turbine rotor is idle. Unlike the previous chapter which considered only steady, 

uniform wind and regular periodic waves, this chapter considers floating offshore 

wind turbine behaviour in realistic turbulent wind and irregular sea states based 

on measured conditions. The objectives of this study are to investigate how the 

simulated wind input impacts the ability of numerical wind turbine simulation tools 

to predict the behaviour of a FOWT, and determine if there are any advantages 

to using high order numerical modelling such as large eddy simulation in CFD 

over a lower order alternative for simulating wind inputs. The contributions of this 

chapter to the overall aims of this work are an assessment of the performance of 

different levels of numerical modelling compared against full scale field data when 

realistic environmental conditions are considered. 
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5.2 FOWT Behaviour in Operational Conditions 

In this work, a spar mounted floating offshore wind turbine is simulated in wind 

and waves typical of operational conditions. The effect of turbulent wind with 

different speeds and turbulence levels on power production and the turbine and 

platform response is investigated. Two numerical modelling approaches are 

compared; a lower order method involving FAST with the BEM method for 

calculating aerodynamic loads and turbulent inflow wind generated using 

TurbSim, and a higher order method involving an actuator line model in SOWFA 

coupled with FAST and turbulent wind simulated using LES in OpenFOAM. The 

details of these numerical methods are explained in Chapter 3.  

5.2.1 Case Study – Hywind Scotland 

The performance of each model is assessed against real world measurements 

using recorded data from the Hywind Scotland Pilot Park [201], which consists of 

five Siemens 6 MW turbines. The park is located in the Buchan Deep, 

approximately 25 km from the coast in northeast Scotland, and has an average 

water depth of 105 m. The data used to validate the numerical models was 

recorded for turbine HS4 and made available by ORE Catapult in collaboration 

with Equinor [202]. The field data available for the HS4 turbine consists of time 

series of the wind speed, platform motions, nacelle yaw angle, nacelle rotational 

displacement and mooring line tensions recorded over several 30 minute periods 

between January and July 2018. The environmental conditions averaged over 

each 30 minute period are also provided, including the mean propagation 

direction of the wind, waves and current. The wind speed and direction are 

measured by the turbine’s anemometer, and the wave and current conditions are 

measured by a wave buoy. The rotational motions of the platform are measured 

using a motion reference unit within the turbine tower, and the translational 

motions are measured by a GPS antenna. HS4 is positioned furthest south out 

of the five turbines within the wind farm, and is located approximately 2.5 km west 

from the wave buoy, as illustrated in Figure 5.1 [163]. 
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5.2.2 Simulation Setup 

A model 6 MW turbine was created based on the available information for the 

SWT-6.0-154 turbine developed by Siemens and the floating platform and 

mooring system used in the Hywind Scotland wind farm. A summary of the turbine 

properties is provided in Table 5.1. It should be noted that the control system for 

the model turbine used in this study was defined based on the pitch controller for 

the fictitious NREL 5 MW turbine installed on the OC3 Hywind spar platform 

(scaled up from a 5 MW to a 6 MW turbine) [186], and so will not be the same as 

that developed for the floating Siemens 6 MW wind turbine, since this data is not 

available. The controller gains and inputs were determined using the formulae 

given in the NREL 5 MW turbine report [184] and recommendations for 

adjustments for a spar type platform [186]. The blade geometry for the Siemens 

turbine is also proprietary, so this was defined in the numerical model by scaling 

up the length of the blades for the NREL 5 MW turbine to the desired length of 75 

m (from 61.5 m). The structural properties for the blade are defined using a 

HS4 

N 

Figure 5.1: Location of turbine HS4 and approximate position of the wave buoy within the Hywind 
Scotland Pilot Park, adapted from [163] 

Wave buoy 
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structural concept of the NREL 5 MW blade developed by Sandia National 

Laboratories [203] and scaling up the length accordingly. The modal frequencies 

and mode shapes for the adjusted blade are then calculated using the 1D finite 

element code BModes [204] to be used as input in FAST’s structural dynamics 

module ElastoDyn. It should therefore be noted that the model turbine in this 

study will not have exactly the same aerodynamic and power performance as the 

SWT-6.0-154 turbine.  

The turbine is simulated in four different 30 minute cases chosen from those 

measured at the site for HS4. The environmental conditions for each case are 

listed in Table 5.2. These case studies were chosen to represent a variety of wind 

speeds within the turbine’s operational range. 𝑈ℎ𝑢𝑏 is the mean wind speed at 

hub height, 𝜎ℎ𝑢𝑏 is the longitudinal standard deviation of the hub height wind 

speed, 𝐻𝑠 is the significant wave height and 𝑇𝑝 is the peak period.  

Table 5.1: Key parameters of SWT-6.0-154 turbine used in Hywind Scotland project 

C1 and C2 both represent below rated conditions. The average wind speed of 

5.24 m/s in C1 is just above the cut in wind speed and so the rotor loads and 

power output will be very low, while the 8.49 m/s wind speed in C2 will result in 

higher power and thrust, but not high enough that the blade pitch controller is 

active. C3 represents a case where the wind speed is close to the rated value, 

while C4 represents a high wind speed case close to the cut out condition.  

 

Rated power  6 MW 

Number of blades 3 

Rotor configuration Upwind 

Rotor diameter 154 m 

Hub height above MSL 98 m 

Cut-in, rated and cut out wind speed 4, 13, 25 m/s 

Min, max rotor rotational speed 5, 11 rpm 

Platform draft 78 m 

Spar diameter above cone section 9.45 m 

Spar diameter below cone section 14.4 m 
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Table 5.2: Environmental conditions simulated, based on those recorded for HS4. All directions 

are defined as the compass direction from which wind, waves and current are propagating from 

 

5.2.2.1 Generating the Turbulent Wind 

In the low order modelling, the turbulent wind is generated in TurbSim to be used 

as input in FAST. As described in Chapter 3, TurbSim generates turbulent wind 

flow using statistical turbulence models. In this study, the turbulent wind is 

generated in TurbSim using the Kaimal spectrum model, which is one of the two 

models specified in the IEC standard for wind turbine design IEC 61400-1 [35] 

(the other model being the Mann uniform shear turbulence model). As discussed 

in section 2.1.3, both models assume neutrally stable atmospheric boundary 

layer flow. Using the Kaimal model, the turbulent fluctuations in the wind flow are 

scaled to achieve a user defined turbulence intensity at the hub height. Each case 

study listed in Table 5.2 is run 5 times in FAST using different random seeds for 

the turbulent wind generation in TurbSim. The turbulent wind is simulated for a 

10 minute period, which generates a periodic wind input for the FAST simulations. 

The turbulent atmospheric flow in OpenFOAM is simulated using SOWFA’s 

ABLSolver, which is an incompressible solver based on the PISO algorithm as 

described in Chapter 3. Turbulence is modelled using a LES approach. A one-

equation eddy viscosity model developed by Deardorff [146] and Moeng [147] is 

used for the sub grid scale turbulence, which is described in section 3.2.3. Each 

case from Table 5.2 was initially simulated with a neutral stability condition (CN1 

– CN4), since the thermal stratification of the boundary layer in the recorded data 

is not known. In SOWFA, where a boundary layer height must be specified, the 

 Date & time 

recorded 

𝑼𝒉𝒖𝒃 

(m/s) 

𝝈𝒉𝒖𝒃 

(m/s) 

Wind 

direction 

(°) 

𝑯𝒔 

(m) 

𝑻𝒑 

(s) 

Wave 

direction 

(°) 

Current 

speed 

(m/s) 

Current 

direction 

(°) 

C1 14th Apr 2018, 

00:25-00:55 

5.24 0.74 171 2.1 10.5 107 0.32 15 

C2 26th Mar 2018, 

23:15-23:45 

8.49 0.75 172 2.2 10.6 14 0.24 196 

C3 6th Jan 2018, 

07:45-08:15 

13.72 1.33 11 4.4 10.9 17 0.21 199 

C4 14th Jan 2018, 

15:25-15:55 

20.44 2.07 174 4.2 8.7 165 0.32 204 
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neutral boundary layer has a height of 800 m in each case, and a capping 

inversion layer is specified from 800 m to 900 m height above the sea level as 

described in Chapter 3. Case C2 was also simulated in stable atmospheric 

conditions (CS2), since the data was recorded at night when the ABL is more 

likely to be stable, and the recorded wind speed variation was relatively low which 

suggests low turbulence levels typical of stable atmospheric flow. Likewise, case 

C4 was also simulated in unstable conditions (CU4), since the data was recorded 

during the day and the recorded wind speed variation is high, which is typical of 

unstable ABL flow. 

The turbulent wind in OpenFOAM was first generated in precursor simulations 

involving periodic boundary conditions on all boundaries except for the top and 

bottom of the domain, and no turbines present. The lower boundary represents 

the mean sea level, and is represented by a flat surface with a rough wall function. 

The wall roughness is determined by the surface roughness height parameter 𝑧0, 

which is described in the following section. The neutral and unstable precursor 

simulations were run for 20000 s of simulation time in order to allow the flow field 

to reach a state of quasi-equilibrium. The precursor simulation for the stable ABL 

required longer in order for the flow field to reach quasi-equilibrium, and was run 

for 40000 s, as shown in Figure 5.2 where time series of the mean velocity at 

different heights during the precursor simulations for the neutral and stable 

simulations of case C2 are plotted. Similar plots for the remaining cases can be 

found in Appendix B. A variable timestep was used in order to keep the Courant 

flow number below 0.75 as the turbulent wind develops. The precursor 

simulations are then continued with a much smaller timestep, and the velocity, 

temperature and SGS kinetic energy data at the inflow boundary is stored at 

regular intervals to be used as a time varying turbulent inlet boundary condition 

in the turbine simulations. 
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In the neutral stability ABL simulations, the simulation domain is 3 km long in both 

the x- and y-directions, and extends 1 km in the upwards z-direction. A uniform 

10 m mesh resolution was used in order to ensure that 80% of the turbulence 

was resolved in accordance with best practices for LES simulation [138], which 

was estimated by sampling the velocity and SGS turbulent kinetic energy using 

Figure 5.2:  Mean velocity in precursor simulations of (a) neutral and (b) stable ABL flow. 

𝑈ℎ𝑢𝑏 = 8.5 m/s in both cases. 

(a) Neutral ABL 

(b) Stable ABL 
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probes at selected locations in the fluid domain. This resulted in a mesh size of 

9,000,000 cells.  

The stable atmospheric boundary layer was simulated in SOWFA by specifying 

a surface cooling rate, resulting in temperature flux out of the simulation domain 

and a positive vertical potential temperature gradient (𝜕𝜃/𝜕𝑧 > 0). The height of 

the capping inversion layer was reduced to 300 m, which is a more typical 

boundary layer height for a stable ABL [205]. The domain size can be reduced 

due to the smaller turbulent length scales, so a simulation domain extending 1 

km in the horizontal x- and y- directions and 500 m in the vertical z-direction with 

a uniform 10 m resolution was used, which satisfies the guidelines for simulating 

a stable ABL in SOWFA presented by Churchfield (2017) [169]. The mesh size 

is 500,000 cells. 

The unstable boundary layer was simulated by specifying temperature flux into 

the simulation domain, and increasing the boundary layer height to 1500 m, which 

is more typical of unstable conditions [31]. The simulation domain must be larger 

in all directions to accommodate for the longer turbulent length scales and thicker 

boundary layer, so a domain size of 5 x 5 x 2 km was used in accordance with 

the guidelines for the use of SOWFA [169]. The unstable boundary layer is 

typically characterised by larger turbulent structures than the neutral or stable 

ABL [153]. Therefore, the mesh cell size was increased to give a uniform 20 m 

grid resolution, which was found to be sufficient in ensuring that less than 20% of 

the turbulence was resolved using the SGS model. The total mesh size is 

6,250,000 cells. 

5.2.2.2 Estimating the Roughness Height 𝑧0 

The turbulence intensity, 𝑇𝐼, in the cases from the field data listed in Table 5.2 is 

not known, and so is estimated based on the measured value of 𝜎ℎ𝑢𝑏, where 

𝑇𝐼ℎ𝑢𝑏 =  𝜎ℎ𝑢𝑏/𝑈ℎ𝑢𝑏.  It should be noted that this estimation gives a 1-D turbulence 

intensity, since only the longitudinal (u) component of the wind speed is given in 

the data. This means that the lateral (v) and vertical (w) turbulent fluctuations, 

which lead to variation in the horizontal and vertical direction of the wind, are not 

considered.  
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Unlike in TurbSim where the 𝑇𝐼 is a direct input in the Kaimal model, the level of 

turbulence in the atmospheric flow simulated in SOWFA is dependent on the 

tuning of key parameters, which include the surface heat flux due to the 

atmospheric stability condition and the aerodynamic roughness height 𝑧0. 

However, the sea surface roughness is dependent on the wave conditions which 

in turn are dependent on the wind speed. In the presented simulations, the 

roughness height of the sea surface is estimated based on the Charnock relation 

[150] using the methodology presented in section 3.2.4. The Charnock constant 

𝛼 in equation 3.25 was chosen to have a value of 0.017 based on the estimation 

by Wu [206] for a von Karman constant value 𝜅 = 0.4. The estimated roughness 

heights for the four cases simulated are listed in Table 5.3.  

Table 5.3: Estimated friction velocity and roughness height based on the Charnock relation for 

each condition 

Case Wind speed (m/s) Estimated 𝒖∗ (m/s) 𝒛𝟎 (m) 

C1 5.24 0.30 0.00015 

C2 8.49 0.30 0.00016 

C3 13.72 0.53 0.00049 

C4 20.44 0.83 0.0012 

 

5.2.2.3 Turbine Modelling 

The turbine aerodynamics are modelled using the same approaches as those 

used to model the NREL 5 MW turbine in the previous chapter. In the FAST only 

simulations where TurbSim wind fields are used as input, aerodynamics are 

modelled using the BEM theory with various empirical corrections to account for 

blade tip/root effects, skewed wake due to rotor yaw, and unsteady aerofoil 

aerodynamics.  

For the turbine simulations using an actuator line model in SOWFA, the 

computational domains have the same background mesh resolution as the 

corresponding precursor simulations (uniform 10 m in neutral and stable flow, 20 

m in unstable flow). The turbine is positioned at the horizontal centre of the 

domain, and the mesh was locally refined to give a grid resolution of 2.5 m at the 

location of the turbine. For the Hywind turbine, this gives a grid resolution ∆𝑥 =

𝑅/30, which is the same relative grid resolution as that used to study the NREL 
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5 MW turbine in Chapter 4. The domain size for the turbine simulations in neutral 

ABL flow was reduced to 1.2 x 1.2 x 1 km in the x-, y- and z- directions, and in 

unstable flow was reduced to 3 x 3 x 2 km in order to reduce the computational 

cost. The turbine rotor is discretized using 40 actuator points for each blade, 

which equates to a spacing Δ𝑏 = 1.875 m between each point, and an elliptical 

function of 𝜖 as described in Chapter 4 is used to define the distribution of actuator 

point forces onto the fluid. A time varying inflow condition is defined at the inlet 

boundaries using the stored data from the precursor simulation with linear 

interpolation in time to account for the different timesteps used in the precursor 

and turbine simulations. In all cases, the turbine is simulated for 40 minutes, 

where the first 10 minutes are removed from the results in order to omit start up 

transient effects. 

The platform hydrodynamics in both methods are modelled using first order 

potential flow theory and Morison’s equation in HydroDyn [94].  The waves are 

modelled without directional spread using the JONSWAP spectrum with a 

significant wave height and peak period corresponding to the conditions listed in 

Table 5.2. The default values of 𝜎 and 𝛾 as described in IEC 61400-3 [43] are 

used in all cases. 

5.2.3 Results 

5.2.3.1 Wind Field Characteristics 

The one dimensional hub height turbulence intensities from the SOWFA 

simulations for each case is shown in Table 5.4. The calculated turbulence 

intensity at the hub height for the neutral cases is consistently lower than that 

estimated from the variation in the wind speed recorded by the anemometer for 

HS4. However, the variation in the field data may not be solely due to freestream 

turbulence, and may have been influenced by additional factors such as shadow 

effects from the rotor blades passing in front of the anemometer. As expected, 

the stable ABL has a lower 𝑇𝐼 than the corresponding neutral case, and unstable 

conditions lead to a higher 𝑇𝐼.  
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Table 5.4: Turbulence intensities estimated from the provided data compared against LES wind 

field 

Case Estimated 𝑻𝑰 from field data (%) 𝑻𝑰 from LES (%) 

CN1 14.1 8.2 

CN2 8.8 7.0 

CS2 8.8 2.7 

CN3 9.7 7.9 

CN4 10.1 7.7 

CU4 10.1 10.3 

 

In TurbSim, wind fields with the estimated 𝑇𝐼 from the field data are generated 

for each of the four cases C1-C4. In order to determine that any observed 

differences between FAST and SOWFA predictions of turbine response are not 

solely due to differences in turbulence intensity, TurbSim is then used to simulate 

separate wind fields for cases CN1-CN4 and CS2 in which the hub height 

turbulence has been scaled to match to the corresponding 𝑇𝐼 from SOWFA. A 

TurbSim wind field corresponding to case CU4 is not generated since the 

turbulence intensity from the SOWFA simulation for this case was very close to 

the estimation from the field data. It should be noted once again that the wind 

fields in TurbSim are all simulated using the Kaimal model, which only models 

neutral conditions, so it is only the hub height turbulence intensity that has been 

matched with the SOWFA simulations. 

The mean wind shear profiles for each case is shown in Figure 5.3. The wind 

shear profile in TurbSim is predetermined according to the log law for the 

reference wind speed at the hub height and the roughness height given in Table 

5.3 (see equation 3.17). The wind shear profile in the neutral ABL simulations in 

SOWFA is close to the TurbSim wind shear for the rotor disk region. The unstable 

ABL simulation shows slightly less shear than the neutral profile, whilst an 

inversion in the wind shear can be observed for the stable ABL due to the 

presence of a low level jet. Wind shear is important to consider as this may impact 

the cyclic loading on the blades due to the variation in wind speed with azimuthal 

position.  
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Figure 5.4 shows the change in mean wind direction with height, known as wind 

veer, and how this varies depending on the atmospheric stability condition for 

cases C2 and C4. In the TurbSim wind fields, the mean wind direction is constant 

across the grid. A low level of wind veer is observed for the neutral SOWFA 

cases, which is primarily due to the Coriolis force term. The unstable case shows 

very low veer, whilst the stable ABL exhibits significantly higher wind veer, with a 

change in wind direction of around 25° across the rotor disk area. This may affect 

turbine loads due to the additional cyclic variation in the inflow angle of attack, 

particularly in the tip region of the blade. 

(a) C1, 𝑈ℎ𝑢𝑏  = 5.2 m/s (b) C2, 𝑈ℎ𝑢𝑏  = 8.5 m/s 

(c) C3, 𝑈ℎ𝑢𝑏  = 13.7 m/s (d) C4, 𝑈ℎ𝑢𝑏  = 20.4 m/s 

Figure 5.3: Simulated wind shear profiles for each of the four sets of conditions listed in Table 5.2. 
The dashed black line represents the turbine hub height, and the dotted lines represent the top 
and bottom of the rotor disk area. 
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The standard deviations of the u-, v- and w- components (𝜎𝑢, 𝜎𝑣, 𝜎𝑤) of the 

simulated wind speed for case C2 are plotted in Figure 5.5. The plotted values 

from SOWFA include the contributions from sub grid scale kinetic energy 𝑘𝑠𝑔𝑠. 

The plotted standard deviations for the other cases can be found in Appendix 

C.1.  These indicate how the level of turbulence varies with height; 𝜎𝑢 describes 

the variation in the axial wind speed, whilst 𝜎𝑣 and 𝜎𝑤 describe the variation in 

the horizontal and vertical wind direction respectively. The wind profiles simulated 

using the Kaimal spectrum in TurbSim have constant values of 𝜎𝑣 and 𝜎𝑤 with 

height, whilst 𝜎𝑢 shows some variation due to the IEC spatial coherence model 

used [152]. In the SOWFA simulations, the horizontal turbulence (𝑢 and 𝑣 

components) is generally highest close to the sea surface, and decreases with 

increasing height. It can be seen that even when the hub height longitudinal 

turbulence in TurbSim is matched with the value from SOWFA, this does not 

mean that the wind at hub height is the same in each model; the lateral 

component of turbulence is approximately the same in each model at low wind 

speeds, but in cases C3 and C4 the v- component in SOWFA is generally smaller 

than in TurbSim, while the vertical component from SOWFA is larger in all cases. 

Figure 5.4: Wind veer profiles for cases (a) C2 and (b) C4. The dashed black line represents the 
turbine hub height, and the grey lines represent the top and bottom of the rotor disk area. 

(a) C2, 𝑈ℎ𝑢𝑏 = 8.5 m/s (b) C4, 𝑈ℎ𝑢𝑏 = 20.4 m/s 
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5.2.3.2 Platform Motions 

The platform response is measured in the global coordinate system for all cases. 

The reference point is the turbine’s equilibrium position at the mean sea level. 

Surge motion is defined along the x-axis and sway motion is defined along the y- 

axis, where positive surge and sway motion corresponds to the turbine positioned 

south and east respectively from the equilibrium position. Likewise, roll and pitch 

motions are defined about the x- and y-axes respectively. This is important to 

note as it means that the coordinate system of the platform does not coincide 

exactly with the rotor axis, since the nacelle yaw angle is fixed in the simulations 

so that the rotor axis is aligned with the mean wind direction listed in Table 5.2 in 

each case. The apparent wind speed at the rotor will therefore be affected by 

Figure 5.5: Standard deviation of the u-, v- and w- components of the wind speed for case C2. 
The dashed black line represents the turbine hub height, and the grey lines represent the top and 
bottom of the rotor disk area. 
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sway and roll motions. However, since the mean wind direction is always aligned 

close to directly north or south in this study, sway and roll motions will have little 

influence on the apparent axial wind and power production. 

The simulated platform response from each numerical model is compared 

against the field data in Figures 5.6 to 5.8. The heave motion of the platform is 

not shown here since the heave data for the Hywind turbine was not available. 

The data for the measured platform yaw motion prior to April 2018 showed a 

mean value of approximately 9°, which is noted by Equinor as an error in the data 

[207], and so the yaw data for the affected cases (C2, C3 and C4) is plotted with 

a 9° yaw offset removed in order to be able to compare the data more easily. 

The results from FAST plotted in Figures 5.6-5.8 show the platform response 

does have some correlation with the turbulence intensity; in case C2 when the 𝑇𝐼 

is matched with the low value from the stable SOWFA simulation (indicated by 

the red and dark red lines), the platform response in all degrees of freedom was 

lower than in the cases with higher 𝑇𝐼. However, the highest 𝑇𝐼 does not always 

correspond with the largest response. For example, in case C3, FAST predicted 

larger sway and pitch motion response in less turbulent wind (dark blue line). 

The platform response is shown to be sensitive to the atmospheric stability 

condition; the SOWFA simulation CU4 with the unstable ABL shows a larger 

response in all platform degrees of freedom than its neutral ABL equivalent CN4, 

and the platform response in the stable case CS2 is significantly smaller than in 

the neutral equivalent SOWFA case CN2.  

FAST and SOWFA generally predict very similar mean values for the platform 

displacements, particularly at higher wind speeds. The maximum difference 

between model predictions at each wind speed is around 0.8 m for the mean 

translational (surge and sway) displacement and 0.8° for the rotational (roll, pitch 

and yaw) displacement. The largest differences in mean platform displacement 

are between the neutral and stable ABL simulations of case C2 in SOWFA, which 

suggests that the stable ABL results in lower aerodynamic loads (discussed in 

the following section) than the neutral case. 
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Figure 5.6: Platform surge and sway motions from the field data and numerical modelling. The 
circle, square and triangle symbols denote the mean value, error bars show one standard 

deviation above and below the mean, and x denotes the minimum and maximum values. 
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Figure 5.7: Platform roll and pitch motions from the field data and numerical modelling 
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Due to the direction of the wind and therefore the axial thrust force produced by 

the rotor, the mean surge displacement is much larger than the mean sway in all 

cases, and this is captured by the numerical models. In cases C1 and C2, where 

the wind speed is below rated, all of the numerical modelling significantly 

underpredicts the translational (surge and sway) motion as shown in Figure 5.6. 

The sway motion in particular is poorly predicted, with all numerical modelling 

predicting a range of values that is less than half of the measured range in both 

C1 and C2. 

The GPS device measuring the translational motion is positioned approximately 

15 m above the mean sea level on the turbine tower, and so the measured surge 

and sway motions may be influenced by rotational motions. However, the pitch 

and roll motions are small, with a maximum range of roughly 7° so this would not 

influence the translational motions enough to explain the large differences 

between the measured surge and sway response and the numerical predictions. 

The mean pitch position of approximately 5° in case C2 is also not large enough 

to fully account for the noticeable error of more than 3 m in the mean surge 

Figure 5.8: Platform yaw motion from the field data and numerical modelling. An offset of 9° has 

been removed from the field data for cases C2, C3 and C4 because this is noted as an error in 
the data 
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displacement. This offset implies that there is an error in the calculated 

aerodynamic loads (examined in the following section), which is expected since 

the blades and the control system are not the same as those for the Hywind 

turbines (since this information was not available). The differences between the 

measured and numerical values for the mean surge and sway displacement can 

also be in part attributed to starting the simulations with the turbine at the 

equilibrium position.  

The hydrodynamic modelling may be another source of error in the platform surge 

and sway response. Directional variation in the waves was not included in the 

numerical simulations, which is likely to be a reason for the underestimated sway 

response [208]. It should also be noted that in the provided data, the mean 

propagation directions of both the wind waves and the swell were reported [207], 

whereas the numerical modelling only considered the ‘total’ propagation direction 

since it is not possible to separate the wind sea and swell components in 

HydroDyn. The difference between the direction of the two components was small 

in most cases (less than 5°), but for case C2 was reported to be approximately 

70°, which may impact the platform response. 

For the rotational motions, the agreement between the numerical models and the 

measurements is generally good for the mean displacements. In all cases, the 

largest rotational motion is the platform pitch, and the maximum error in the mean 

pitch angle is around 1.3°. In cases C2 and C3, where platform pitch is largest, 

all of the modelling predicts a mean error of less than 0.7° compared to the field 

data. However, in all simulations except for the stable SOWFA case CS2 and the 

corresponding FAST case with the same low 𝑇𝐼, the platform pitch and yaw 

motion response is overpredicted compared to the measurements. In all wind 

speed cases, the standard deviation of the pitch motion when the 𝑇𝐼 matches the 

estimated value from the field data is at least twice as large as that for the 

measured pitch motion. The roll response is also overpredicted by FAST in above 

rated wind cases (C3 and C4). These discrepancies may be partly due to 

differences between the controller defined for the numerical models and that 

implemented in the Hywind Scotland turbines, meaning that the rotational 

motions of the numerical model turbine are not sufficiently damped in above rated 

conditions. However, this does not explain the overestimated pitch and yaw 
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motions at below rated wind speeds in cases C1 and C2 where the pitch controller 

is not active, which suggests that the Hywind turbines have additional damping 

in these rotational modes that has not been included in the presented numerical 

models. Another contributing factor may be that the Hywind turbines have nacelle 

yaw control which could have further damped the platform yaw motions. The 

nacelle yaw angle was defined as a fixed value in all simulation cases to reduce 

model complexity, and because in most cases the recorded nacelle yaw variation 

was small (among the chosen case studies, the case with largest nacelle yaw 

response was case C3 with a range of approximately 12° during the 30 minutes 

of recorded data). The nonzero response of the nacelle yaw control system also 

indicates a gradual change in the mean wind direction over time, which would not 

be reflected by the turbulence modelling and may therefore be another reason 

for the underpredicted surge and sway motions as seen in Figure 5.6 

It is noted that FAST generally predicts larger sway, roll and pitch responses than 

SOWFA in neutral cases when the longitudinal 𝑇𝐼 is the same in both models, 

except in the lowest wind speed case C1. The difference is most significant in the 

pitch motion from case C3, where the pitch standard deviation from FAST is 69% 

larger than that from SOWFA. This may be partially caused by the use of multiple 

random seeds in the generation of wind fields in TurbSim, whilst the SOWFA 

models were simulated only once. Alternatively, this suggests that the lateral 

component of the turbulence does have an effect on platform motions, since 𝜎𝑣 

was shown to be higher on average in the TurbSim wind fields than SOWFA (see 

Figure 5.5 and Appendix C.1) in all cases except C1. It is however noted that the 

unstable SOWFA simulation CN4 (pink line) does not result in lower motion 

response than the FAST simulation with a similar longitudinal 𝑇𝐼 despite having 

lower 𝜎𝑣 (see Appendix C.1), and that the sway response is in fact larger in the 

unstable SOWFA-generated wind than in any of the neutral wind simulations for 

case C4. This suggests that the turbine response is also affected by the larger 

turbulent flow structures characteristic of unstable conditions compared to the 

neutral case, which would exert a larger dynamic force on the turbine as 

discussed by Sathe et al. [32]. The sway motions from FAST show closer 

agreement with the field data than the neutral cases in SOWFA, whilst the 

opposite is true for the pitch motions, so it is not possible to say which wind field 

has lateral turbulence that is closer to that of the actual measured wind. 
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5.2.3.3 Rotor Loads 

The numerical model predictions of the rotor power and thrust variation for each 

case are plotted in Figure 5.9. The field data for HS4 did not contain any 

measurements of the rotor loads or power production, so the numerical models 

can only be compared against each other.  

 

 

 

 

 

Figure 5.9: Model predictions of rotor power and thrust 
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Similar to the platform motions, higher turbulence intensity generally results in 

larger variation in the rotor loads, since this means there is a larger variation in 

the wind speed experienced at the rotor. In the below rated cases C1 and C2, 

FAST predicts a lower average rotor power and thrust than the neutral cases in 

(a) Out-of-plane bending 

Figure 5.10: Model predictions of (a) out-of-plane and (b) in-plane bending moment at the blade 
root 

(b) In-plane bending 



 

137 
 

SOWFA. This is consistent with the results observed in Chapter 4.  Both models 

show that the highest mean rotor thrust occurs in case C2, but the largest 

variation in the thrust and the peak values occur in case C3, when the wind speed 

is closest to the rated value. The lower turbulence levels in the stable atmospheric 

conditions present in case CS2 lead to decreased fluctuations in the rotor loads 

compared with the neutral case. The higher turbulence in the unstable conditions 

in case CU4 result in larger power variations than in neutral conditions, though 

the thrust is relatively unaffected since the wind speed is above rated and so the 

blade pitch controller acts to limit rotor thrust fluctuations. The ranges of simulated 

values for the thrust force in the above rated conditions C3 and C4 are particularly 

large, with the FAST simulations for case C3 showing a range of over 1000 kN. 

This corresponds with the overestimated pitch and roll motions in these cases 

observed in Figure 5.7, and further suggests that the control system specified for 

the numerical modelling does not accurately represent that of the Hywind turbines 

and could be improved. The stable case CS2 results in lower mean rotor loads 

than the neutral case at the same wind speed (8.5 m/s), which explains the lower 

mean platform displacement observed in Figures 5.6 and 5.7. This may be 

caused partly by the low level jet wind profile which results in a lower wind speed 

above the hub height than in the log law wind shear profile observed for the 

neutral wind field.  

The blade root bending moments in the in-plane and out-of-plane directions are 

plotted in Figure 5.10. The statistics are calculated from one blade, labelled blade 

1 in FAST, which is initialized at the 0° azimuth position in each simulation. It can 

be assumed that the bending behaviour will be roughly the same for all three 

blades in operational conditions because any fluctuations due to rotor rotation will 

be averaged out over the 30 minutes of simulation time. Out-of-plane bending 

follows a very similar trend to rotor thrust, as was also seen in the cases with 

steady wind in Chapter 4. The variation in the out-of-plane bending moment in 

the stable SOWFA simulation is larger than the corresponding FAST case with 

the same 𝑇𝐼 (indicated by the dark red line plot). This may be due to the strong 

wind shear and wind veer in the stable ABL as shown in Figures 5.3 and 5.4, and 

is evidence that stable atmospheric conditions have an effect on turbine loading 

beyond simply having lower levels of turbulence as previously shown by 

Doubrawa et al. [39]. 
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Both models predict that the peak values for the blade out-of-plane bending occur 

in case C3, when the wind speed is closest to the turbine’s rated value. The in-

plane bending on the other hand continues to increase with wind speed, with the 

maximum values observed in case C4. 

5.3 FOWT Behaviour in Extreme Conditions 

When the wind reaches a speed above the turbine’s cut out wind speed, the 

turbine stops producing power and switches to either a parked or idling state, and 

a shutdown strategy is implemented to reduce the aerodynamic loads on the rotor 

in these extreme conditions. This usually involves pitching the blades to close to 

90° to provide aerodynamic braking, known as a pitch-to-feather strategy [50]. 

This work investigates the use of numerical modelling methods for simulating 

extreme winds typical of a typhoon event, and the effect that this has on the 

simulated behaviour of a floating offshore wind turbine in extreme environmental 

conditions. The aim of this case study is to determine how well FAST performs 

for predicting the behaviour of a FOWT in extreme conditions, and to determine 

if simulations of a FOWT using an aeroelastic code such as FAST can be 

improved by using a higher fidelity wind input.  

5.3.1 Case Study – Goto Islands Project 

For the simulation of floating offshore wind turbines in extreme conditions, the 

behaviour of a 2 MW spar mounted FOWT in a typhoon was considered. The 

numerical simulation of a typhoon and the resulting FOWT response in FAST and 

SOWFA was compared against data from the Goto Islands floating offshore wind 

turbine demonstration project recorded during Typhoon Prapiroon in July 2018. 

The Goto Islands project [209] was a demonstration project for floating offshore 

wind that was funded by Japan’s Ministry of the Environment. The project 

involved the testing of two downwind spar-type floating wind turbines installed 

close to Kabashima Island; firstly a 100 kW turbine (referred to as the half scale 

turbine) was installed in 2011, and in 2013 this was replaced by a 2 MW turbine 

referred to as Haenkaze. Both turbines were subjected to several typhoons whilst 

in operation, the most severe being the Typhoon Sanba which hit the 100 kW 
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turbine in 2012, and Typhoon Prapiroon which hit the 2 MW turbine in 2018. 

However, both turbines survived these typhoon events without damage. The 

response of both turbines to the severe typhoons were recorded and published 

by Utsunomiya et al. [210] and Tanaka et al [211], who performed simulations of 

each turbine’s response to the typhoons using the commercial multibody-

dynamics simulation tool ADAMS coupled with their in-house code SparDyn, and 

compared their simulated results to the measured response of the real turbines. 

In their work, the recorded time series of the wind from the turbine anemometer 

and the water surface elevation measured by a nearby wave buoy was used 

directly as input in the numerical modelling. In the work presented in this chapter, 

the waves are simulated using the JONSWAP spectrum, and wind is simulated 

both using the Kaimal spectrum in TurbSim and using LES modelling of 

atmospheric boundary layer flow. 

5.3.2 Simulation Setup 

A model turbine was defined based on the demonstration FOWT Haenkaze, 

which is a Hitachi HWT2.0-80 turbine installed on a spar platform designed by 

the Toda Corporation [212]. The spar platform is a hybrid spar concept; the upper 

sections are made from steel and the lower portion from prestressed concrete. 

The mooring system consists of three catenary chains with drag anchors, where 

two of the chains are equipped with clump weights. The key parameters of the 

turbine are listed in Table 5.5. The nacelle, hub and blade geometry information 

from the 2 MW reference turbine UT80d-2.0MW [213] was used for the model 

turbine defined in this study, which may not be exactly the same as that of the 

Haenkaze turbine (since the information for the Hitachi turbine is proprietary). 

This is unlikely to have a significant effect on the model results, because the rotor 

is not operating in the simulations and aerodynamic loading on the feathered 

blades is expected to be low. 
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Table 5.5: Key parameters of Haenkaze [211] 

 

Table 5.6: Environmental conditions used for each simulation, based on the measured conditions 
averaged over each hour of the typhoon duration at the site of the turbine, adapted from Tanaka 
et al. [211]. *All data was measured on the 3rd July 2018. **Average conditions are estimated 

based on interpolation due to lack of data (except for 𝐻𝑠 and 𝑇1/3 which are known) 

 

The FAST model of the 2 MW turbine was simulated in typhoon conditions using 

hourly averages of the measured environmental conditions from typhoon 

Prapiroon for the 7:00-17:00 period on the 3rd July 2018, shown in Table 5.6. This 

time window covers the period during which the turbine was in a shutdown state, 

which was from 7:06-16:38. The conditions listed for 7:00-8:00 include only the 

data averaged from 7:30-8:00 in order to omit the period where the turbine is still 

producing power. Likewise, the conditions listed for 16:00-17:00 are actually 

averaged from 16:30-17:00. These are the same conditions that are used as 

Rated power  2 MW 

Number of blades 3 

Rotor configuration Downwind 

Rotor diameter 80 m 

Hub height above MSL 56 m 

Platform draft 76 m 

Spar diameter above cone section 4.8 m 

Spar diameter below cone section 7.8 m 

Case Time 

period* 

𝑼̅𝒉𝒖𝒃 

(m/s) 

𝑻𝑰 

(%) 

Mean 

wind 

direction 

(°) 

𝑯𝒔 

(m) 

𝑻𝟏/𝟑 

(s) 

Wave 

direction 

(°) 

Sub surface 

current 

speed (m/s) 

Current 

direction 

(°) 

1 07:00-08:00 25.7 9.9 85.2 5.2 10.7 160.3 0.14 213.4 

2 08:00-09:00 26.6 9.2 106.9 5.7 10.7 248.9 0.14 232.8 

3 09:00-10:00 31.9 10.1 112.4 6.2 11.6 264.4 0.17 293.4 

4 10:00-11:00 37.5 9.7 127.6 6.6 12.1 200.4 0.17 289.0 

5 11:00-12:00 41.0 9.1 143.5 7.1 12.3 152.6 0.22 295.1 

6** 12:00-13:00 38.0  161.3 7.1 12.2 130.8 0.22 294.6 

7** 13:00-14:00 34.5  179.0 6.6 11.9 109 0.22 294.1 

8 14:00-15:00 31.5 6.6 196.8 4.9 10.6 87.2 0.22 293.6 

9 15:00-16:00 27.8 9.4 211.9 3.9 9.5 154 0.19 111.5 

10 16:00-17:00 22.7 7.6 229.8 3.1 9.4 151.2 0.24 248.2 
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inputs into the numerical model in Tanaka et al. [211], except for the data for the 

time period between 12:00 and 14:00 (simulations 6 and 7), where there was a 

gap in the data due to a power outage, and only the wave buoy data was made 

available. For the simulations covering this period, the wind and current 

information and the wave direction are estimated based on interpolation. The 

wind turbulence intensity in TurbSim for these cases is determined by the value 

obtained in the SOWFA simulations, which is explained in more detail in the 

following section. The water depth is assumed to be constant at 106.5 m in all 

simulations. The turbine is simulated in each case for 1 hr 10 minutes, where the 

first 10 minutes are removed from the results in order to omit start up transient 

effects. 

The turbulent wind fields representing the typhoon in SOWFA are generated 

using the same method used for the operational cases in section 5.2. According 

to Zhang et al. [214], the typhoon boundary layer has near neutral stability, and 

therefore each case listed in Table 5.6 is simulated in neutral atmospheric 

conditions only.  

Although the JONSWAP spectrum is specific to wave conditions in the North Sea, 

previous work has found that this can fit well with typhoon wave spectra provided 

that the shape parameters (particularly the peak enhancement factor 𝛾) are 

modified from the default values [215,216]. A value 𝛾 = 2.4 is used in all 

presented simulation cases, which is approximately consistent with observations 

of typhoon waves in the northwestern Pacific Ocean [216]. 

The actuator line model simulations in this work are performed on a coarse grid 

relative to the turbine size; the cell width at the rotor is 2.5 m, which equates to a 

local grid resolution of ∆𝑥 = 𝑅/16 for this turbine. The number of grid cells along 

each blade is therefore roughly half the minimum value of 30 cells recommended 

by Jha et al. [177] as discussed in Chapter 4. This was done in order to reduce 

the computational cost of the simulations, since complying with the 

recommended grid resolution would have required several weeks of 

computational time for each case, which is discussed further in section 5.3.3.4 

where the impact of the grid resolution on the results is examined. The 

justification for the choice of a coarse grid resolution is that it is less important for 
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the integrated rotor loads to be calculated accurately for the idling turbine, 

because it is not producing power and the rotor loads are small and will not have 

a significant effect on the structure’s response to the typhoon. 

5.3.3 Results 

5.3.3.1 Characteristics of the Simulated Extreme Wind 

Table 5.7 shows the turbulence intensity calculated from the LES simulations 

compared with the target values from the field data. The surface roughness height 

𝑧0 is estimated based on the wind speed using the Charnock relation as described 

in section 5.2.2.2. In cases 6 and 7, where field data for the wind was unavailable, 

𝑧0 was estimated by interpolation. The maximum instantaneous wind speed at 

the hub location (56.0 m/s in TurbSim and 53.5 m/s in SOWFA) occurred during 

the 5th hour of the typhoon in both models. The maximum instantaneous wind 

speed recorded by the turbine anemometer during the typhoon was 52.2 m/s 

[211]. 

Table 5.7: Turbulence intensities from the LES wind field compared against target values from 

the field data 

Case Target 𝑻𝑰 from field data (%) 𝑻𝑰 from LES (%) 

1 9.9 8.3 

2 9.2 10.5 

3 10.1 11.6 

4 9.7 11.2 

5 9.1 12.2 

6 - 8.7 

7 - 8.4 

8 6.6 9.3 

9 9.4 9.9 

10 7.6 15.5 
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(a) Case 1 (b) Case 5 

 
Figure 5.11: Standard deviation of the u-, v- and w- components of the wind speed for (a) case 1, 

𝑈ℎ𝑢𝑏 = 25.7 m/s and (b) case 5, 𝑈ℎ𝑢𝑏 = 41.0 m/s. The dashed black line represents the turbine 
hub height, and the dotted lines represent the top and bottom of the rotor disk area. 
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In the FAST only simulations, the turbulent wind was generated in TurbSim using 

the Kaimal spectrum with a turbulence intensity corresponding to the value from 

the field data listed in Table 5.6, except for cases 6 and 7 where the value from 

the LES wind field is used. In all cases except for case 1, the 𝑇𝐼 from the SOWFA 

simulations is overpredicted compared to the target value from the field data. The 

error is particularly large in case 10, where the turbulence intensity is around 

twice as large as the value from the field data. One explanation for the relatively 

high 𝑇𝐼 values compared to those obtained in the operational cases (listed in 

Table ) is that the 56 m hub height of the 2 MW turbine used in this case study is 

lower than that of the 6 MW turbine (98 m) studied in section 5.2. It was observed 

in Figure 5.5 and Appendix C.1 that according to SOWFA, longitudinal variation 

in the wind speed decreases with increasing height from around 20-30 m above 

the mean sea level. The variation in the u-, v- and w- components of the wind 

speed with height are shown in Figure 5.11 for case 1, which occurs at the start 

of the typhoon, and case 5 where the maximum wind speed occurs. The 

remaining cases are presented in Appendix C.2. It can be seen that the variation 

of each component of the wind speed continues to increase up to a larger height 

above sea level in case 5 than in case 1. This is likely to be due to the 

considerably larger roughness height 𝑧0 used in the simulation of the very high 

wind speed in case 5, which leads to higher shear stress near the wall boundary 

representing the sea surface. 

5.3.3.2 Comparison of Simulated Platform Response with Field Measurements 

The statistics for the floating platform motions from the numerical modelling is 

compared against the data from the field measurements from Tanaka et al. [211] 

in Figures 5.12 to 5.14. Platform motions are measured in the global coordinate 

system for all simulations, where positive values for surge and sway correspond 

to the turbine positioned south and east of the equilibrium position respectively.  

The level of agreement between the numerical simulations and the field data 

varies depending on the environmental conditions. At the beginning of the 

typhoon, there is an offset of around 2 m between the surge displacement from 

the numerical modelling and the field data, which may be attributed to the fact 

that the numerical modelling does not take into account any of the loading prior 

to the turbine shutdown. The field data for case 1 (07:00-08:00) is recorded from 
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shortly after the turbine stops producing power, meaning that the rotor was 

producing a thrust force that would result in a surge offset from the equilibrium 

position, which may influence the results at the beginning of the typhoon. The 

agreement between the numerical modelling and the field data for the surge 

displacement improves as the typhoon increases in severity, with a mean 

difference of around 0.6 m for cases 3, 4, 5 and 8 (where field data is available),. 

An offset of around 2 m between numerical modelling and field data is present 

again in the final two cases, which suggests there is a loading contribution that is 

not considered in the numerical modelling. It is noted that only sub-surface 

components of the current are included in the numerical modelling, since wind 

generated current could not be measured during the typhoon, which may have 

an effect on the numerical predictions. In the pitch motion, it is noted that there is 

a consistent offset of 1-1.7° between the numerical modelling and the field data. 

This was also observed in the numerical modelling performed by Tanaka et el. 

[211], who suggested that this may be due to differences in the initial tensions in 

the mooring lines due to the slope and general unevenness of the seabed [47]. 

The sway and roll displacements are generally predicted well, except for in the 

final two simulated hours where, similar to the observed surge displacement, 

there is an error of over 1 m in the mean sway displacement. The error between 

the average values for the measured roll displacement and the numerical 

predictions is less than 0.3° in all cases. 

The heave response (Figure 5.13) predicted by the numerical modelling is 

consistently underpredicted compared to the field data, more so than any of the 

other platform motions. The standard deviation of the results from FAST and 

SOWFA is less than 50% of that from the field data in all cases except one (case 

4, where the standard deviation from SOWFA is 53% of that from the field data). 

This may suggest that the waves predicted using the JONSWAP spectrum and 

linear wave theory in HydroDyn did not accurately represent the extreme waves 

present during the typhoon. Prediction of the heave response could also be 

improved by including second order hydrodynamics and drift [217]. In the 

simulations performed by Tanaka et al. [211], where the measured sea surface 

elevation from the field site was used as a direct input and wave stretching was 

included, the heave response showed better agreement with the measured data 
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near the peak of the typhoon than in the simulations performed in this study, but 

was still underpredicted overall. 

The SOWFA predictions of the mean surge and sway displacement from the 

equilibrium position are on average about 12% lower than the FAST predictions, 

and the mean roll and pitch angles are approximately 8% lower in SOWFA 

compared to FAST. This suggests that the calculated aerodynamic loads on the 

turbine in SOWFA are smaller than in FAST. Since the turbine is not operational 

in this study, a large proportion of the aerodynamic loading is due to drag forces 

on the tower, so this may suggest that the actuator line representation of the 

tower requires further study. With this exception, there is little difference between 

the predictions of the platform response from FAST and SOWFA. The platform 

response also appears to be relatively unaffected by turbulence intensity when 

the turbine is in shutdown mode, as evidenced by the results for the 10th and final 

hour of the typhoon, where there is little difference between the model predictions 

despite the large difference in 𝑇𝐼 as described in section 5.3.3.1. 

The highest wind speeds and largest wave heights and periods occurred during 

the 5th hour of measurements (11:00-12:00), however this did not correspond with 

the most extreme values simulated for all platform motions. The largest simulated 

yaw response was observed during the 4th hour, where there was a significantly 

larger misalignment between the wind and waves than in the 5th hour. The 

extreme yaw response simulated during the 4th hour is overpredicted by both 

FAST and SOWFA compared to the measured yaw motion from the field data, 

which may suggest that the real turbine had additional yaw damping that was not 

included in the numerical model. However, yaw motion is underpredicted by both 

numerical models at other times, particularly in the two hours at the beginning 

and end of the typhoon, where the wind is less extreme, and the 5th hour of the 

typhoon where the wind and wave direction are closely aligned. A possible 

explanation for this underprediction is that the waves were simulated without 

directional variation, since this was not known from the recorded data, which may 

result in underestimated excitation of the platform yaw mode.  
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Figure 5.12: Platform surge and sway motion during each hour of the typhoon. • represents the 
mean position, error bars represent one standard deviation above and below the mean, x 
represents the minimum and maximum values for each hour. 
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Figure 5.13:  Platform heave and roll motion during each hour of the typhoon 
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Figure 5.14: Platform pitch and yaw motion during each hour of the typhoon 
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5.3.3.3 Extreme Blade Loads 

The flapwise and edgewise bending moment statistics for each hour of the 

typhoon are plotted in Figure 5.15. The statistics are calculated for all three 

blades of the idling rotor. It should be noted that since the blades are pitched at 

near 90° to reduce aerodynamic loads on the blade, the flapwise bending is now 

nearly aligned with the in-plane bending direction, and edgewise bending now 

results in more out-of-plane deflection.  

The overall agreement between FAST and SOWFA is good for both the edgewise 

and flapwise bending moment. The difference between the standard deviation of 

the edgewise bending moment is less than 10% for all simulated hours of the 

typhoon, and the difference for the flapwise bending moment is less than 5% 

Some difference between the two models is noted in the minimum and maximum 

edgewise bending moment in each hour of the typhoon, however neither model 

consistently predicts a larger range than the other. The two models agree well on 

the extreme values of the flapwise bending moment, with less than 10% 

difference between model predictions across all hours of the typhoon. The blade 

loads of the idling turbine also appear to be largely unaffected by turbulence 

intensity differences between the two model inputs. The blade flapwise bending 

response increases with increasing wind speed, and the both largest variation 

and maximum value for the flapwise bending moment occur during the 5th hour 

of the typhoon (11:00-12:00), which corresponds to the highest mean wind speed. 

The edgewise bending moment response on the other hand is not linked to the 

wind speed; both models predict that the largest response and maximum values 

occur in the 1st hour of the typhoon. 
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(a) Edgewise bending  

 

(b) Flapwise bending 

Figure 5.15: Blade root bending moment in each hour of the typhoon. • represents the mean 
position, error bars represent one standard deviation above and below the mean, x represents the 
minimum and maximum values for each hour. 
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5.3.3.4 Impact of Grid Resolution 

To investigate the impact of using a relatively low mesh resolution, Case 1 from 

Table 5.6 was simulated once with the coarse mesh and once with an additional 

level of refinement so that the local resolution was 𝑅/32, which is within the 

recommended range of local mesh resolutions for actuator line simulations as 

suggested by Jha et al. [177], and the results from each mesh are compared. The 

additional level of refinement increased the total cell count from 2.96 million to 

7.48 million, and the required computational time running in parallel on 28 cores 

increased from around 4.5 days to approximately 22 days for 70 minutes of 

simulation time. Case 1 has one of the lowest average wind speeds of the 

presented simulation cases, and other cases with higher wind speeds would have 

taken longer due to the smaller timestep required to keep the Courant flow 

number low enough to avoid numerical instability for the duration of the 

simulation. It was therefore not feasible to simulate all cases with the increased 

mesh resolution. 

 

Figure 5.16: Power spectral density (PSD) of the surge motion predicted by SOWFA during the 
first hour of the typhoon (07:00-08:00) using two different grid resolutions. 
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Figure 5.17: Platform motions in the first hour of the typhoon (07:00-08:00) predicted by SOWFA 

for two grid resolutions, ∆𝑥 = 𝑅/16  and ∆𝑥 = 𝑅/32. • represents the mean position, error bars 
represent one standard deviation above and below the mean, x represents the minimum and 
maximum values. 

 

Figure 5.18: Blade root bending moments in the first hour of the typhoon (07:00-08:00) predicted 

by SOWFA for two grid resolutions, ∆𝑥 = 𝑅/16  and ∆𝑥 = 𝑅/32. • represents the mean position, 
error bars represent one standard deviation above and below the mean, x represents the 
minimum and maximum values. 

The change in grid resolution results in negligible change platform motion 

response, as shown in the power spectral density (PSD) of the surge motion 

plotted in Figure 5.16, which is almost identical for both meshes. Figure 5.17 

shows that there is a negligible difference in the mean position and overall 

R/16 R/32 R/16 R/32 R/16 R/32 

R/16 R/32 R/16 R/32 R/16 R/32 

FAST R/16 R/32 FAST R/16 R/32 FAST R/16 R/32 FAST R/16 R/32 
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variation predicted for all platform modes for the duration of each simulation. This 

is not unexpected, since changing the grid resolution results only in changes to 

the aerodynamic forces due to the wind, while the platform response is primarily 

driven by hydrodynamic forces. 

The grid resolution has a larger influence on the blade loads, since these are 

more heavily influenced by the wind loading. The statistics for the blade root 

flapwise and edgewise bending moment are plotted in Figure 5.18. The 

simulation performed on a grid with local resolution ∆𝑥 = 𝑅/32 resulted in a 

maximum blade root flapwise bending moment that was approximately 20% 

lower than for the coarser mesh. The predictions from FAST for the maximum 

edgewise bending moment show closer agreement with the SOWFA predictions 

using the coarser mesh than the finer mesh. There is little difference between the 

two meshes for the flapwise bending moment. The PSDs of the edgewise 

bending moment plotted in Figure 5.19 show that the finer mesh results in a small 

decrease in the response at high frequencies. It is interesting to note that 

differences between the predictions of the blade bending moment were only 

observed from approximately 18 minutes (1080 s) into the simulation, and that 

before this point the predictions are almost identical, as observed in Figure 5.20.  

 

Figure 5.19: Power spectral density of the blade root edgewise bending moment predicted by 
SOWFA during the first hour of the typhoon (07:00-08:00) using two different grid resolutions. 
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Figure 5.20: Time series of the blade root flapwise bending moment predicted by SOWFA during 
the first hour of the typhoon (07:00-08:00) using two different grid resolutions. 

5.4 Chapter Summary 

In this chapter, the influence of the turbulent wind input on platform motion and 

rotor load response for a floating offshore wind turbine has been studied using 

two modelling approaches, namely a statistical wind model and high fidelity ABL 

simulation using LES. The model predictions are compared against each other 

and against available field data, firstly for a range of operational conditions and 

secondly for an extreme typhoon event. The key findings of this chapter are 

summarized as follows: 

1. FAST with BEM for aerodynamics and FAST coupled with the ALM in 

SOWFA are both capable of achieving good overall agreement with 

recorded rotational displacements for a turbine within the Hywind Scotland 

floating wind farm, with a maximum error of 1.3° observed for the predicted 

mean pitch angle compared to the recorded data. The results of the 

numerical modelling do however suggest that the platform pitch and yaw 
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modes are not sufficiently damped, which is likely in part due to 

discrepancies in the turbine controller used in the modelling compared to 

that of the actual turbines (since this data from Hywind Scotland is not 

available).  

2. The numerical modelling underpredicts the translational motions, 

particularly the sway motion, suggesting possible limitations in the 

numerical modelling such as not including directional variation in the 

waves and starting each simulation with the turbine at the equilibrium 

position. 

3. In operational conditions, the simulated platform motions and rotor loads 

when a TurbSim wind input is used are generally similar to those obtained 

from an actuator line model simulation in neutral atmospheric flow at the 

same longitudinal turbulence intensity. This suggests that the Kaimal 

spectrum is suitable for simulating wind inflow for a FOWT in neutral 

conditions. The agreement between FAST and SOWFA is also generally 

good when unstable ABL conditions are simulated in SOWFA, except for 

the sway response, which is indicated to be sensitive to the larger turbulent 

structures present in unstable conditions. 

4. For extreme wind speeds where the turbine is not producing power, there 

is overall little difference between FAST and SOWFA’s predictions of a 

floating spar turbine’s motion and load response, even when there are 

large differences in the turbulence intensity between TurbSim and LES 

wind fields. There may however be limitations associated with using first 

order potential flow theory for hydrodynamics, which consistently 

underestimated the heave motion of the spar platform. 

5. The blade loads in extreme environmental conditions predicted from LES 

simulations using an actuator line model become sensitive to the grid 

resolution after a certain period of simulation time, which was found to be 

approximately 18 minutes in this case. 

Based on the findings in this chapter, the following recommendations are made: 

1. If a specific value of the turbulence intensity is desired, a statistical model 

such as the Kaimal model available in TurbSim is more appropriate, since 

the random nature of turbulence means that it is difficult to accurately 
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match physics based turbulence models such as LES with measured 

values.  

2. The Kaimal spectrum is suitable for simulating wind inflow for a FOWT in 

neutral conditions, and may be acceptable for simulating FOWT response 

in unstable conditions with above rated winds, provided that the turbulence 

intensity is adjusted to an appropriately high value. The Kaimal model 

would not be suitable for simulating stable conditions even if the turbulence 

intensity is adjusted to an appropriately low level, because it does not 

capture the strong wind shear and wind veer characteristic of stable 

conditions which may have a significant effect on the blade bending 

response. 

3. For operational cases, CFD modelling using an ALM does not offer 

significant benefit over the lower fidelity modelling options available in 

FAST for cases involving a single turbine, since there was overall little 

difference between rotor and blade loads predicted by each model that 

was not due to differences in turbulence intensity. 

4. The ALM is not recommended for use in cases involving extreme 

environmental conditions with a parked or idling rotor, where the 

aerodynamic loading is primarily due to forces acting on the tower. This is 

particularly significant for FOWTs because the surge and sway 

displacement are driven by the aerodynamic forces; if these are not 

predicted accurately, this may result in underestimation of the extreme 

mooring forces. 

5. The discrepancies between the field data and numerical modelling results 

suggest that there are a number of ways in which the modelling presented 

in this chapter can be improved. In both operational and extreme 

conditions, it is recommended to consider a more accurate starting 

position of the turbine rather than starting all simulations with the turbine 

at the equilibrium position. This may help to reduce errors in the predicted 

translational displacements. Including second order effects such as mean 

and slow drift contributions may also improve these predictions. For 

simulation of cases involving extreme environmental conditions with large 

waves, higher order hydrodynamic modelling is likely to be necessary in 

order to capture the heave response of a spar-type FOWT.
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Chapter 6  

High Order Coupled Fluid-Structure 

Interaction Modelling of Blade Behaviour  

 

6.1 Introduction and Motivation 

In previous chapters, the performance of a low order BEM method has been 

compared with an actuator line model for analysis of a floating offshore wind 

turbine in order to determine where the BEM approach is sufficient and where a 

higher order model would be a more appropriate choice. The ALM captures more 

of the complex flow effects associated with wind turbines than traditional BEM, 

for example it is able to capture root and tip vortices and does not require an 

empirical correction when the turbine rotor is not aligned with the wind [218]. 

However, generalized actuator disk approaches including the ALM also have 

their limitations. Like the BEM method, ALM predictions of rotor aerodynamics 

depend on the quality of the tabulated aerofoil data supplied, which can be difficult 

to obtain [48]. The aerofoil data used in BEM and generalized actuator disk 

modelling usually comes from 2D wind tunnel measurements, and so requires 

corrections in order to account for 3D geometrical and rotational effects [219]. 

The alternative to relying on aerofoil tables is to fully resolve the blade geometry. 

All of the numerical modelling presented in the previous chapters has used 

FAST’s ElastoDyn module to account for the structural response of the wind 

turbine rotor, which may also have limitations. The structural model in ElastoDyn 

is best suited to straight isotropic blades dominated by bending, and may only be 

able to handle moderate deflections [106]. ElastoDyn also does not include axial, 

shear or torsional degrees of freedom, so may not be suitable for highly flexible 

or aeroelastically tailored blades involving bend-twist coupling, for example. As 

current design trends for offshore wind turbines lead to increasingly large rotors, 

the blades tend to become more flexible in order to reduce the weight and cost 
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of materials, and aeroelastic effects become more important [30]. Therefore, 

higher order structural models may be needed in order to accurately predict blade 

behaviour. 

In this chapter, a two-way coupled fluid structure interaction (FSI) model is used 

to investigate the structural behaviour of a single large flexible wind turbine blade. 

The fluid dynamics are solved in OpenFOAM, where the blade geometry is 

resolved, and the structural dynamics are solved using CalculiX [170]. The 

interaction between the two solvers is handled using the code coupling library 

preCICE [172], which is described in detail in Chapter 3. The observations of the 

blade response from the FSI simulations are compared against those from FAST, 

where the forces on the blade are calculated using BEM theory and a steady, 

uniform wind is used as input, similar to the FAST method demonstrated in 

Chapter 4. The objectives of this chapter are to demonstrate the use of high 

fidelity numerical modelling for analysing wind turbine behaviour and to provide 

insight into the behaviour of a large flexible wind turbine blade in extreme 

environmental conditions. This study should be viewed as a ‘proof of concept’ for 

a high fidelity method for wind turbine analysis, which will help to inform 

recommendations on where high order numerical modelling may be necessary in 

the design process for large flexible blades used in offshore wind turbines. 

6.2 Validation of Methodology 

A wind turbine blade that is fixed at the hub can be considered as a cantilever 

structure that experiences deformation due to wind loading in addition to rotor 

rotation in operational conditions. It is therefore necessary that the numerical 

methodology investigated in this work is able to accurately simulate the deflection 

of a cantilever structure. In order to determine this, the use of preCICE with 

CalculiX and OpenFOAM is investigated for a simple fluid structure interaction 

case from the literature involving a cantilever plate bending in cross flow.  

The study is based on an experiment that was conducted by Luhar and Nepf [220] 

to investigate the deformation of aquatic vegetation. In the experiment, a flexible 

plate representing seagrass was subjected to cross flow in a flume, and the 

resulting deflection and drag force was measured. In a subsequent numerical 
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study, Tian et al. [221] used one of the cases from this experimental campaign to 

validate an FSI model, and also presented simulations in the absence of gravity 

and buoyancy to serve as benchmark validation cases for FSI studies. These 

cases without gravity and buoyancy from [221] are chosen to validate the 

simulations presented herein in order to simplify the CFD modelling. 

In the presented numerical simulations, a flexible plate was fixed at one end and 

subjected to a uniform fluid flow of 𝑈 = 0.16 𝑚/𝑠. The plate had a height of ℎ =

50 𝑚𝑚, width 𝑏 = 10 𝑚𝑚 and thickness 𝑡 = 1.9 𝑚𝑚. The plate is made from a 

silicon foam with density 𝜌 = 670 𝑘𝑔/𝑚3 and Young’s modulus 𝐸 = 500 𝑘𝑃𝑎. 

The fluid domain in OpenFOAM represented a section of the flume in which the 

experiment was performed, and is shown in Figure 6.1. The domain consists of 

a hexahedral mesh of 400,750 cells, which is linearly graded to give wider cells 

near the outer boundaries of the domain and finer cells close to the location of 

the plate as shown in Figure 6.2. The top, bottom and side boundaries are given 

free slip conditions, and the plate boundaries are treated as solid walls. Water 

flows in the positive x-direction, and is treated as a laminar flow. 

Using CalculiX, the structural dynamics are solved using full 3D finite element 

analysis. The plate is modelled as a solid structure with a mesh consisting of 1196 

tetrahedral elements. The equations of motion for the structure are integrated in 

time using a revision of the 𝛼 method originally developed by Hilber, Hughes and 

Taylor [222], where 𝛼 lies in the interval [-1,3]. 

The force data is mapped from OpenFOAM to CalculiX using conservative 

mapping, meaning that the number of nodes in each mesh is taken into account 

and the total value of the force at the interface is conserved when mapping. 

Consistent mapping is used to map the structural displacement from CalculiX 

back to OpenFOAM, meaning that different mesh resolutions at the interface are 

not taken into account, and the value at a node in a coarser mesh is the same as 

for the corresponding node in the finer mesh. 
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Figure 6.2: Fluid mesh grading around the plate 

The deflection of the plate and the deformation of the fluid mesh is shown in 

Figure 6.3 for three numerical configurations, which are listed in Table 6.1. The 

fluid structure interaction was investigated using two-way nearest neighbour and 

two-way nearest projection mapping, and using a geometrically linear and 

nonlinear structural solver in CalculiX. In nearest neighbour mapping, the values 

from the source mesh are projected to the nearest nodes on the target mesh 

regardless of differences between the two meshes. In nearest projection 

mapping, the points on the target mesh are projected onto the source mesh 

10 cm 20 cm 

26 cm 

5 cm 

16 cm 

Flow direction 

z 

x 

Figure 6.1: Dimensions of the fluid domain representing a section of the flume with the plate 
fixed at the bottom 
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elements, and the values are determined using linear interpolation. Nearest 

neighbour mapping is a first order accurate scheme, and nearest projection 

mapping is usually second order accurate [172]. As Figure 6.3 shows, nearest 

projection mapping leads to a more numerically smooth deformation of the plate 

than the nearest neighbour mapping shown in (a). Since the plate experiences a 

large deflection, treating the case as a linear problem as shown in (a) and (b) 

leads to a perceived elongation of the deformed plate relative to the undeformed 

structure.  

 

Table 6.1: Numerical model settings used in validation study 

Configuration Description 

A Nearest-neighbour mapping, linear structural solver 

B Nearest-projection mapping, linear structural solver 

C Nearest-projection mapping, nonlinear structural solver 

 

Table 6.2: Results of the preCICE simulations compared against experimental data [220] and 
numerical study from [221] 

 Experiment Simulation 

from [179]  

(with 

buoyancy) 

Simulation 

from [179] (no 

buoyancy) 

preCICE (no 

buoyancy) 

A B C 

𝑪𝑫 1.15 ± 10% 1.03 0.94 1.17 1.15 0.958 

Tip displacement 

in x-direction (mm) 

21.4 21.2 24.5 23.8 31.3 25.3 

Tip displacement 

in z-direction (mm) 

-5.9 -5.4 -7.5 0.6 0.8 -7.3 

Figure 6.3: Structural deformation of the cantilever plate for three preCICE configurations: (a) 
nearest-neighbour mapping and geometrically linear structural solver, (b) nearest-projection 
mapping and linear structural solver, (c) nearest-projection mapping and nonlinear structural 
solver 

(a) (b) (c) 
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The tip deflection and calculated drag coefficient from the preCICE simulations 

are shown in Table 6.2. The drag coefficient 𝐶𝐷 is calculated from the force 𝐹𝐷 

exerted on the plate using the following equation: 

 
𝐹𝐷 =

1

2
𝜌𝑓𝑈2𝐶𝐷𝑏ℎ 

(6.1) 

where 𝜌𝑓 is the fluid density. It can be observed from the simulations from Tian 

et al [221] that neglecting buoyancy effects leads to a larger deflection and a 

larger negative tip displacement in the vertical (z) direction. The simulations with 

buoyancy included agree well with the experimental results, with approximately 

1% and 9% error for the x- and z-displacement respectively.  

The tip displacement and drag force coefficient from the simulations performed 

using preCICE with a nonlinear structural solver in this work show good 

agreement with the numerical benchmark case where buoyancy and gravity are 

neglected, with a difference of 2-3% for all quantities. It is noted that the model 

has only been validated for a single case study, and further validation may be 

required in order to ensure the model gives reliable results in a range of flow 

conditions and in cases with more complex structural behaviour. However, this 

study demonstrated that the model is capable of accurately predicting simple 

structural bending due to fluid flow. 

6.3 Investigation of Blade Behaviour 

6.3.1 Simulation Setup 

6.3.1.1 Fluid Modelling in OpenFOAM 

The model blade used in this study is based off the reference blade for the DTU 

10 MW wind turbine [223], which has length 86.35 m. The blade model has 

identical geometry to the DTU 10 MW reference turbine blade in terms of the 

aerofoil profile, chord and twist distribution. Unlike the DTU blade, the presented 

blade model does not feature any prebend in order to reduce complexity.  This 

may have an effect on the dynamic behaviour of the blade, since prebending can 

increase the coupling between the edgewise bending and torsional modes and 
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reduce the torsion loads on the blade [224]. The chord and twist distributions are 

plotted in Figure 6.4. The blade features aerofoil sections from the FFA-W3 

series, with relative thickness ranging from 60.0% near the cylindrical root section 

to 24.1% at the tip.  

 

The simulations are performed using a RANS approach, and turbulence is 

modelled using the Spalart-Allmaras closure model, which is described in section 

3.2.2.1. The rotor does not rotate in these simulations, and the simulated blade 

is pitched at 90° as if it were in the parked, fully feathered position in order to 

represent blade behaviour in extreme conditions when the turbine control system 

has performed a shutdown operation. In the interest of simplicity, the presented 

simulations also do not explicitly model any motions due to a floating platform. 

This means that the aerodynamic loading on the structure due to the fluid flow 

will be steadier with smaller fluctuations than if floating motions were included, as 

shown in Chapter 4. 

Simulations are performed in two uniform turbulent wind speeds (i.e. without wind 

shear). The chosen high wind speed of 50 m/s represents an extreme event, 

whilst the chosen lower wind speed of 12 m/s would typically be a mid-level wind 

speed within a turbine’s operational range. It should be noted that a parked rotor 

in a wind speed of 12 m/s is likely to occur only if the turbine is shut down for 

maintenance or due to a fault. The different wind speeds are simulated to enable 

comparison of the turbine blade response in different load cases. 

Figure 6.4: Chord and twist distribution for the DTU 10 MW blade and model used in this study 



 

165 
 

The fluid domain in the blade simulations features a cylindrical domain, referred 

to as an O-mesh, as shown in Figure 6.5. The domain has 150 m height and 200 

m diameter. The fixed end of the blade is positioned at the centre of the bottom 

boundary of the domain. The top and bottom boundaries are given free slip 

conditions, and the outer circular boundary is given freestream conditions. The 

blade mesh is treated as a solid wall boundary, where a wall function for the 

turbulent viscosity is used so that the mesh does not need to be fine enough at 

the wall to resolve the viscous sublayer. The wind flow direction is aligned with 

the negative x-axis. 

 

The blade geometry is resolved in OpenFOAM by generating a refined mesh 

around the structure using the tool snappyHexMesh, which is described in 

Chapter 3. Three different fluid meshes are generated using this method, which 

have different levels of local refinement around the blade surface. In order of 

increasing refinement, the three meshes have 486 000 (mesh 1), 2.05 million 

(mesh 2) and 3.69 million cells (mesh 3). In mesh 1, no boundary layer cells are 

included, whilst two layers of cells are inserted around the blade geometry in 

meshes 2 and 3. In mesh 2, the cell width at the blade boundary is 0.042 m and 

the height of the first layer of cells at the blade boundary is 0.025 m. In mesh 3, 

Figure 6.5: Fluid domain in OpenFOAM. The yellow region represents the meshed blade. 
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the cell width and height in the first boundary layer of cells are 0.031 m and 0.018 

m respectively. The blade is simulated at both wind speeds using each mesh in 

order to investigate the influence of the fluid mesh resolution on the resulting 

structural behaviour, which is examined in section 6.3.2.1. 

The average value of the non-dimensional wall distance 𝑦+ for each case is 

shown in Table 6.3, where: 

 
𝑦+ =

𝑢∗𝑦

𝜈
 

(6.2) 

 

𝑢∗ is the friction velocity at the wall, 𝑦 is the distance between the wall and the 

first grid point, and 𝜈 is the local kinematic viscosity. In order for the wall function 

in the turbulence modelling to be accurate, it is recommended that the first grid 

point is positioned in the region where the log-law applies, generally estimated to 

be approximately 30 < 𝑦+ < 500 [66]. However, studies of experimental data 

have revealed that the log law region for boundary layer flows may be located 

much further from the wall. Österlund et al. [225] suggest a lower limit of 𝑦+ ≈

200 and George and Castillo [226] suggest 𝑦+ ≈ 300, while the outer bound of 

the log law region is located up to 𝑦/𝛿 ≈ 0.2 [227], where 𝛿 is the turbulent 

boundary layer width. As shown in Table 6.3, the average 𝑦+ value for all mesh 

configurations is relatively high, particularly in the higher wind speed since 𝑦+ is 

dependent on this as equation 6.1 shows. Whilst this may be acceptable for the 

proof-of-concept study presented in this work, the impact of this should be 

considered in future study, as the near wall turbulence may not be captured 

accurately, which may limit the accuracy of the calculated forces on the blade.  

Table 6.3: Average 𝑦+ values for each simualtion 

Mesh Number of Cells 𝑼 = 𝟏𝟐 𝒎/𝒔 𝑼 = 𝟓𝟎 𝒎/𝒔 

1 486,287 1289 4615 

2 2,049,027 391 - 

3 3,694,028 295 1183 
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6.3.1.2 Structural Modelling in CalculiX 

The structural model of the blade used in this analysis has a uniform structure 

involving only one material of uniform thickness along the blade span, and it does 

not have shear webs or spars. This differs significantly from the DTU blade 

internal structure, which features a composite layup with three shear webs 

running along the blade span for added structural support. The uniform structure 

was chosen in order to simplify the model, improve numerical stability, and 

increase computational speed in CalculiX. The structural characteristics of the 

blade are listed in Appendix D, which were calculated from the model of the blade 

used in the analysis in FAST using NREL’s blade structural design tool PreComp 

[228]. The resulting blade has stiffness characteristics that differ significantly from 

the DTU 10 MW, as shown in Figure 6.6, and is less stiff overall, particularly in 

the flapwise direction. This difference is to be expected, since the model blade in 

this study does not have a varying composite layup to reflect the stiffness 

requirements at different locations along the blade, and does not have shear 

webs that add stiffness. The deformation of this model blade is therefore 

expected to be large, which will make results easier to interpret, and will help to 

indicate the limitations of linear models that assume small to moderate 

deformation such as those used in FAST. However, the resulting deformations 

may be larger than those currently expected for most modern wind turbine blades. 

As stated at the beginning of this chapter, the purpose of this study is not to 

calculate the stresses and deformation of a realistic turbine blade, but rather to 

demonstrate the use of preCICE for a coupled fluid-structure interaction of a large 

flexible wind turbine blade and investigate how this compares to predictions from 

lower order engineering tools.  
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The blade is represented in CalculiX as a hollow structure defined using first order 

tetrahedral 2D shell elements. When the simulation is initialized, these shell 

elements are extruded to form 3D ‘wedge’ elements based on the user defined 

material thickness, as shown in Figure 6.7 [170]. 

The geometrically nonlinear solver is used in CalculiX to account for possible 

large deformations that may occur. Each element in the CalculiX mesh has two 

integration points positioned across the element thickness, for which the stress 

information is given. The displacement and stress information for the structure is 

recorded at regular intervals. 

Figure 6.6: Stiffness along the model blade in the flapwise and edgewise direction, compared with 
the DTU 10MW blade 

Material or 

composite 

thickness 

Figure 6.7: Expansion of 2D shell element to 3D wedge element during solver initialization in 
CalculiX, adapted from [170]. 
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Figure 6.8: 3D finite element model of the blade used in CalculiX 

Due to time constraints, the impact of the structural mesh resolution was not 

investigated in this study, and the same structural mesh was used for all 

simulations. The mesh used for the structural calculations in CalculiX is relatively 

coarse compared to the fluid mesh resolution, consisting of 2254 nodes and 4465 

elements, in order to improve the computational speed of the model. The finite 

element mesh of the blade is shown in Figure 6.8. 

The natural frequencies of the model blade are obtained by performing a modal 

analysis in CalculiX. A modal analysis on the FAST model of the blade is also 

performed using the 1D finite element code BModes [204], which uses a beam 

representation of the blade. The five lowest natural frequencies of the model 

blade calculated in each code are presented in Table 6.4, in addition to the natural 

frequencies of the original DTU 10 MW blade. 

Table 6.4: Natural frequencies calculated for the model blade, compared with the DTU 10 MW 
blade 

Mode Model blade 
(CalculiX) (Hz) 

Model blade 
(BModes) (Hz) 

DTU 10 MW (Hz) 

1st flap mode 0.40 0.31 0.61 

1st edge mode 0.87 0.83 0.93 

2nd flap mode 1.33 1.01  1.74 

2nd edge mode 3.35 3.04 2.76 

3rd flap mode 2.91 2.07 3.57 

The natural frequencies of the flapwise bending modes are significantly lower for 

the model blade than the DTU reference blade, which corresponds to the lower 

stiffness observed in Figure 6.6. The natural frequencies of the CalculiX model 

are also consistently higher calculated for the NuMAD model that is used in 
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FAST, The reason for this is unclear, but may be in part due to the coarse mesh 

used in CalculiX. This may affect each model’s prediction of the blade behaviour 

and should be taken into account when the two models are compared, since each 

blade will have different excitation frequencies.  

6.3.1.3 preCICE Configuration 

The force from the fluid mesh in OpenFOAM is interpolated onto the solid mesh 

in CalculiX using conservative radial basis function (RBF) mapping with a 

compact thin plate splines function, of which more detail can be found in [229]. 

Similar to nearest projection mapping, this RBF mapping scheme is second order 

accurate. A consistent form of this interpolation function is used to map the 

displacement from the solid mesh to the fluid mesh. The compact thin plate 

splines function has local support, and requires a support radius to be defined. 

This is chosen to be approximately 4x the average mesh cell width at the interface 

in accordance with the guidelines in the preCICE documentation [230]. 

The two solvers are coupled in preCICE using parallel implicit coupling. The 

convergence of the implicit coupling is accelerated using the interface quasi-

Newton least squares (IQN-ILS) approach, of which more detail can be found in 

[231].  

The simulation timestep 𝑑𝑡 is dependent on the fluid mesh resolution 𝑑𝑥 and the 

wind speed 𝑈, since this had to be chosen so that the Courant flow number 𝐶𝐹𝐿 =

𝑑𝑡 ∗ 𝑈 ∗ 𝑑𝑥 < 1 for the duration of the simulation; this ranges from 𝑡 =  0.001 𝑠 to 

𝑡 = 0.000025 𝑠 for the presented simulations. No subcycling is incurred in the 

presented simulations, meaning that OpenFOAM, CalculiX and preCICE all use 

the same timestep. 

6.3.2 Results 

6.3.2.1 Blade Deflection and Impact of Grid Resolution 

The resulting blade deformation from the preCICE modelling is compared against 

FAST for each of the fluid meshes investigated, in order to determine how the 

preCICE model differs from a low fidelity engineering model in its prediction of 

blade behaviour. Estimating the blade deformation accurately is important as this 

can alter the surrounding flow field, which can lead to additional fluctuation in the 
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loading on the blade. This two way fluid-structure interaction may lead to 

aeroelastic instabilities such as flutter, which can damage the structure.  

6.3.2.1.1 Low Wind Speed 

The time series of the blade tip displacement in the lower wind speed in the x- 

and y- direction, which correspond to edgewise and flapwise bending 

respectively, is plotted for each mesh in Figure 6.9. The simulation on the 

coarsest mesh (mesh 1) is simulated for an additional 10 seconds in order to 

demonstrate that an approximate steady state response is achieved by the model 

for this time period. The blade tip oscillates in the y-direction at approximately the 

same frequency for all three mesh configurations, which roughly coincides with 

the first blade flapwise bending eigenfrequency listed in Table 6.4. This does not 

agree with FAST, which predicts that the blade oscillates at the second flapwise 

eigenfrequency. The preCICE model also captures numerical damping behaviour 

which is not observed in FAST. There is some variation in the amplitudes of these 

oscillations between the three mesh configurations in preCICE, but there is good 

agreement on the mean tip y-displacement and the level of damping. However, 

the mean tip deflection and oscillation amplitude in all of the preCICE simulations 

is significantly lower than that observed in FAST. For the edgewise bending, the 

finer mesh configurations (mesh 2 and 3) show higher frequency second order 

oscillations which are not observed in the results for coarsest mesh or in the FAST 

model. The modal model of the blades used by ElastoDyn considers only the first 

edgewise mode, so this model is not capable of capturing higher order oscillations 

for this mode. Similar to the flapwise bending, the edgewise bending oscillations 

in preCICE have a lower amplitude than in FAST. The preCICE model predictions 

of the mean blade deflection in both directions show little change with increasing 

fluid mesh resolution, and the predictions of the oscillating behaviour using mesh 

2 and 3 in particular show good agreement, which suggests that a reasonable 

level of fluid mesh convergence has been achieved. It will be interesting to see if 

the model predictions of the structural response change with increasing 

refinement of the structural mesh.  
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It should be highlighted once again that a parked wind turbine in 12 m/s wind is 

an unlikely event, and that a turbine would usually be producing power at this 

wind speed, meaning that the blades would experience significant additional 

loading due to rotor rotation. The implications of this are discussed in Chapter 7. 

6.3.2.1.2 Extreme Wind Speed 

The blade tip deflection for a wind speed of 50 m/s is plotted in Figure 6.10 for 

the coarsest and finest fluid mesh. Both FAST and the preCICE model show that 

Figure 6.9: Tip displacement over time for U = 12 m/s 
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the blade tip deflection in both directions is at least an order of magnitude larger 

in a wind speed of 50 m/s compared to 12 m/s. The flapwise deflection oscillation 

frequency in the preCICE simulations is also higher in this extreme wind speed 

than in the lower wind speed, whilst the frequency in FAST is the same for both 

wind speeds. The mean deflection predicted by the preCICE model is once again 

significantly lower than that observed in FAST. The amplitude of the tip edgewise 

bending oscillations from the preCICE simulations show closer agreement with 

FAST in this case than for the lower wind speed, although second order higher 

frequency oscillations are again only observed at the higher mesh resolution.  

The lower deflections predicted by preCICE in both wind speeds may suggest 

that the ElastoDyn module in FAST overpredicts structural deformation for a 

highly flexible blade. If this is true, this may lead to overly conservative blade 

designs for floating wind turbines where large blades with low stiffness. 

Alternatively, this may suggest that the structural mesh resolution used in 

CalculiX is too coarse to capture the deformation behaviour correctly. Validation 

against experimental data for a flexible wind turbine blade is needed in order to 

confirm the accuracy of each model. 
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6.3.2.2 Load Distribution 

Figures 6.11 and 6.12 show a snapshot of the kinematic pressure distribution on 

each side of the deflected blade due to the fluid flow at each wind speed. Figures 

6.13 and 6.14 show the pressure distribution around a cross section of the blade 

close to the tip. The pressure distribution indicates the magnitude and direction 

of the forces that are acting on the blade. 

Figure 6.10: Tip displacement over time for U = 50 m/s 
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In a typical operational case, positive pressure would be observed on the lower 

side of the aerofoil whilst the upper side would experience negative pressure 

(suction), which generates a lift force on the aerofoil. This is observed close to 

the blade tip, as shown in Figures 6.13 and 6.14. In Figures 6.11 and 6.12, higher 

levels of suction are observed on the pressure side than the suction side near the 

blade root, which is due to the blade being feathered at 90° to represent an 

extreme case. This results in a negative local angle of attack up to approximately 

60 m from the blade root (see Figure 6.4), which means that the pressure sign is  

reversed on each side of the blade section. Positive pressure is highest at the 

leading edge of the aerofoil section along the blade. Except for the root section 

where the blade cross section is a cylinder, an area of positive pressure is also 

observed on the pressure side of the aerofoil section trailing edge. As expected, 

(b) Pressure side 

(a) Suction side 

Figure 6.11: Kinematic pressure distribution along the blade, U = 12 m/s 

(a) Suction side 

(b) Pressure side 

Figure 6.12: Kinematic pressure distribution along the blade, U = 50 m/s 
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the fluid pressure and suction on the blade is significantly larger in the extreme 

wind case, which leads to a larger force acting on the blade. 

 

The forces on the blade due to the fluid pressure are converted to stresses in 

CalculiX. The load output available from CalculiX consisted of a stress tensor for 

each of the mesh elements. The distribution of bending stresses about the x- and 

y-axes are plotted in Figures 6.15-6.18. By viewing the stresses over the whole 

blade, it is possible to analyse detailed information on the load distribution for the 

structure, and identify locations on the structure that may be most at risk of failure 

by locating areas with high stresses where loading is concentrated. This is a key 

advantage of using a 3D FEA approach to structural modelling, since it is not 

possible to identify the exact locations of stress concentrations using a simplified 

1-D beam model of the blade. For example, Figure 6.17 shows an area of high 

Suction side 

Pressure side 

x 

y 

Figure 6.13: Pressure distribution around the blade at r = 75 m, U = 12 m/s 

Figure 6.14: Pressure distribution around the blade at r = 75 m, U = 50 m/s 
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bending stress about the x-axis (flapwise bending) at approximately 15-20 m 

along the span from the root. In this region, the blade cross section transitions 

from a cylinder to a thick aerofoil section, and a typical blade internal structure 

would have shear webs in this region to add stiffness. This explains why there is 

a particularly large difference in flapwise stiffness between this blade and the 

DTU 10 MW reference turbine blade close to the root, as shown in Figure 6.6. It 

is therefore expected that loading would be high in this region for the model blade. 

The maximum stresses in the blade structure observed in 50 m/s wind case are 

approximately an order of magnitude higher than in 12 m/s wind. However, the 

exact values of the local stresses may be mesh-dependent. 

Figure 6.15: Bending stress about the x-axis, U = 12 m/s 

Figure 6.16: Bending stress about the y-axis, U = 12 m/s 
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The available output from ElastoDyn, the structural model in FAST, is less 

detailed than that from a finite element model such as CalculiX, and consists of 

shear force and bending moment information at the blade root or at specified 

blade nodes. The blade root bending moments for each wind speed according to 

FAST are plotted in Figure 6.19. Similar to the bending stresses observed in the 

FEA model in Figures 6.15-6.18, the maximum values of the blade root bending 

moment are approximately an order of magnitude higher in 50 m/s wind 

compared to the 12 m/s wind.  From these figures, it is difficult to obtain a reliable 

value of the peak bending moment, since spikes due to numerical instabilities are 

observed with each cycle. This is especially true for the flapwise bending. This 

suggests that it is possible that the specific blade model used in this study, which 

has low flapwise stiffness as shown in Figure 6.6, is too pliant for FAST to be able 

to model accurately. The numerical spikes are also significantly larger at the high 

wind speed (50 m/s), which further suggests that ElastoDyn may not be able to 

handle large deformations.  

Figure 6.17: Bending stress about the x-axis, U = 50 m/s 

Figure 6.18: Bending stress about the y-axis, U = 50 m/s 
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6.4 Chapter Summary 

In this chapter, an approach for fluid structure interaction simulation using high 

fidelity CFD with fully resolved structure geometry and 3D FEA for structural 

modelling has been introduced and demonstrated. The outcomes from this 

chapter are summarised as follows: 

1. The methodology was partially validated against a benchmark study for a 

cantilever structure with a simple geometry, and was shown to be capable 

of capturing large deformations due to bending.  

2. Through simulation of a large flexible wind turbine blade in different wind 

speeds without rotation, the model predicts a load distribution that is 

consistent with what would be expected for a stationary blade given the 

simplified structure. 

3. A reasonable level of mesh convergence has been achieved for the fluid 

solver, however the influence of the structural mesh still needs to be 

investigated, as the coarse mesh used in this analysis may limit the 

accuracy of the results. 

4. The preCICE model gives noticeably different results to FAST in 

predictions of the blade deflection in both simulated wind speeds, with 

FAST predicting larger deflections in the flapwise and edgewise directions. 

This may suggest that ElastoDyn overestimates deformations for highly 

flexible structures, but also may be due to the coarse structural mesh used 

in CalculiX. The preCICE model is also shown to capture higher frequency 

Figure 6.19: FAST predictions of blade root flapwise and edgewise bending moments 
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vibration response which is not captured in FAST due to the limited 

degrees of freedom considered in the modal model used in ElastoDyn.  

High fidelity FSI models such as that presented in this chapter are generally 

recommended for cases involving complex conditions, such as flow 

separation that is not captured by models that rely on 2D aerofoil data or local 

buckling behaviour that cannot be captured by beam models. Such models 

can also provide information such as 3D aerofoil data or modal frequencies 

that can be used to tune and improve less computationally intensive models 

without the need for expensive physical testing. The results from this study 

indicate that the high fidelity model has potential to capture structural 

behaviour such as high frequency vibrations and damping that is not captured 

by lower order models. However, it is also clear that the model presented in 

this work requires extensive further work before it is ready to be used to 

produce a reliable analysis of blade behaviour. This includes a full grid 

convergence study (including both fluid and structural meshes), consideration 

of rotor rotation which will significantly change the loading conditions, and 

validation against experimental data for structures with more complex 

behaviour than simple bending. In particular, there is a need for validation to 

determine the extent to which difference between the proposed model and 

FAST are due to limitations related to the mesh configurations used in 

OpenFOAM and CalculiX.
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Chapter 7  

Discussion 

 

In this chapter, the strengths and weaknesses of the modelling approaches 

investigated in Chapters 4-6 of this work are discussed in greater detail. The 

limitations of this work are also considered. Recommendations for the use of each 

modelling approach are then presented in Chapter 8. 

7.1 BEM and ALM Approaches in Coupled Simulations of FOWT 

Systems 

Whilst BEM and ALM approaches have limitations associated with their reliance 

on 2D aerofoil data, their relatively low computational cost compared to geometry 

resolved CFD means they can be used to simulate a wide range of load cases 

as shown in Chapters 4 and 5. Furthermore, the integration of these models in 

multiphysics tools such as FAST enables simulation of the complex coupled 

dynamics of floating offshore wind turbines. The effects of floating platform 

motions were not considered in the geometry resolved modelling presented in 

Chapter 6 since this would dramatically increase the complexity and 

computational cost of an already very expensive modelling approach, which 

highlights the advantages of lower fidelity models in FOWT simulation. 

An actuator line model has been compared with a BEM model for several different 

turbines in operational conditions in this work. A consistent difference between 

the BEM and ALM is that the ALM predicted higher rotor power and thrust in 

below rated wind speeds when the pitch controller is not active. For the 

experimental scale NREL Phase VI turbine, the difference between the rotor load 

predictions from FAST and SOWFA was less than 2% for the chosen parameters 

(Table 4.2), but when the same ALM setup was used for utility scale 5 MW and 6 

MW turbines, the differences are more significant (Figures 4.7, 4.8 and 5.9). This 

implies that there is not a ‘one size fits all’ approach to the tuning of the actuator 

line model parameters, and that the chosen setup should be validated for multiple 



 

182 
 

turbines in order to increase confidence in the accuracy of the ALM and to avoid 

over-calibration of the model to one specific validation case. 

Whilst the rotor loads predicted by an ALM were found to be higher than those 

from BEM modelling, the results from investigating FOWT behaviour in extreme 

conditions (presented in section 5.3) suggested that the aerodynamic loads on 

the turbine tower were smaller when calculated using an ALM as opposed to the 

potential flow model used to calculate tower loads in FAST, leading to 

discrepancies in the mean platform displacement. This was particularly apparent 

in the surge and sway displacement (shown in Figure 5.12), which is significant 

as this could lead to errors in the predicted mooring loads during an extreme 

event. This highlights a potential flaw with modelling a non-slender structure such 

as a turbine tower using an actuator line representation, where the structure is 

modelled as a drag force on the fluid rather than a physical boundary, since this 

still allows the fluid to potentially pass through the modelled tower, which is not 

realistic [232]. A more advanced actuator line model of the tower such as the 

method proposed by Churchfield et al. [232] based on pressure around a cylinder 

may improve predictions. 

Chapter 4 showed that BEM and ALM predictions of the rotor loads diverge 

slightly for a floating turbine compared to bottom fixed configuration. The platform 

motion in response to wave loading resulted in a larger increase in the mean 

power in SOWFA than in FAST, and a larger power variation in FAST than in 

SOWFA (Figure 4.7). The reason for this discrepancy cannot be confirmed 

without validation data, however this may indicate a limitation in the empirical 

dynamic inflow model used in the BEM model in FAST, and requires further 

investigation. 

The rotor load predictions from FAST and SOWFA were also found to diverge 

with increasing yaw misalignment. Misaligned conditions are an important issue 

for floating offshore wind turbines since they are more frequently misaligned with 

the wind than bottom fixed turbines due to platform pitch and yaw motion. 

Misaligned rotors experience unsteady loading due to the cyclic variation in 

relative velocity and angle of attack, which negatively impacts power production 

and fatigue loading [27]. It is therefore important that numerical models are able 

to capture the effects of misaligned conditions accurately. The rotor power loss 

due to a yaw misalignment angle 𝛾 is shown to be proportional to cos(𝛾)𝑥, where 
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𝑥 = 2.68 according to FAST and 𝑥 = 1.78 according to SOWFA (Figure 4.9). The 

misaligned rotor aerodynamics are computed in the BEM model using an 

empirical correction which is acknowledged to be unreliable [49], whilst the ALM 

directly samples the wind flow at the rotor, which means that in theory the ALM 

should be more accurate than the BEM model in predicting aerodynamics in yaw. 

This finding therefore indicates that BEM models overestimate power loss due to 

yaw. This study also indicated that the BEM model may overpredict the cyclic 

variation in the blade flapwise bending moment in large yaw angles, which has 

implications for fatigue loading and may lead to overly conservative design 

choices. When realistic turbulent conditions were considered in Chapter 5, there 

was directional variation in the wind due to turbulent fluctuations that would have 

led to the turbine operating in yawed conditions, since the nacelle yaw angle was 

fixed to align with the target mean wind direction for each simulation. However, 

neither TurbSim nor SOWFA predicted an instantaneous wind direction that 

varied more than 15° from the mean (target) wind direction, meaning there was 

negligible difference between the BEM and ALM predictions of the rotor response 

due to yaw misalignment in the presented cases.  

The presented work focused on the behaviour of spar type FOWTs in order to be 

able to compare numerical model results against real data for full scale FOWTs 

from the Hywind Scotland and Goto Islands projects. However, the motion 

response of a FOWT is strongly dependent on the platform and mooring 

configuration. A TLP FOWT typically has smaller platform motions and higher 

natural frequencies than a spar, and so the aerodynamic behaviour will be closer 

to that seen for a bottom fixed turbine, whilst a semi-submersible may experience 

larger motions. Novel platform designs and floater geometries may also 

experience their own unique dynamic behaviour, such as Floatgen [233], a 

floating turbine installed off the coast from France which features a semi-

submersible platform with a damping pool to reduce motions. In order to fully 

understand the interaction between aerodynamics and different floating 

substructure dynamics, adaptive numerical models are needed which consider 

the two-way coupling. Fully coupled models using geometry resolved CFD are 

extremely expensive, so lower fidelity models such as BEM and ALM 

approaches, and the structural and hydrodynamic models used in FAST play an 

important role in understanding the behaviour of FOWTs.  
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7.2 Simulating Realistic Offshore Wind Loads on FOWTs 

In Chapter 5, turbulent wind fields were simulated based on statistics of wind 

turbine anemometer data for a range of operational conditions from the North Sea 

and an extreme typhoon event offshore from the Goto Islands, Japan. In SOWFA, 

different atmospheric stability conditions were considered by modifying the 

temperature flux. It was found that the simulated neutral and stable ABL 

conditions tended to result in lower 𝑇𝐼 than the estimated value from the field data 

for the North Sea, whilst the unstable ABL simulation resulted in a closer match. 

This may suggest that unstable conditions are a more suitable assumption than 

neutral conditions for wind fields in the North Sea where the Hywind Scotland 

wind farm operates, which is supported by measurements presented by Cheynet 

et al. [33]. However, it was also shown that floating platform motions and rotor 

loads are sensitive to the turbulence intensity in operational conditions. A key 

disadvantage of using SOWFA is that it is more difficult to tune the atmospheric 

boundary layer model to achieve desired conditions such as a specific turbulence 

intensity, since this is not an input in SOWFA but rather depends on the tuning of 

several parameters. The Kaimal model is much simpler to set up and fit to 

measured conditions, and is therefore preferable to LES for neutral atmospheric 

conditions if parameters such as the turbulence intensity are known and wake 

effects on downstream turbines are not important. 

The study of the typhoon impact on a FOWT indicate that there is no apparent 

benefit to using LES over less computationally expensive statistical methods, 

since there was overall very little difference in the turbine response predicted by 

FAST and SOWFA. It was also observed in this study that in extreme conditions 

when the turbine is in a shutdown state, the platform response and blade loads 

appear to be insensitive to the turbulence intensity. An environmental factor that 

may have a significant effect on FOWT response in a typhoon event (in addition 

to the extreme wind speed and wave height) is the misalignment between the 

wind and wave direction. This was shown to be particularly important when 

calculating the extreme yaw response of the spar platform, and implies that 

models where only aligned wind and waves are considered would not be 

adequate for simulating FOWTs in extreme conditions. To confirm this, future 

work should consider wave models with directional spread to see if this can 
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achieve an estimate of the yaw response that matches more closely with field 

measurements.  

The impact of atmospheric stability was only investigated in this work using 

SOWFA, however it should be noted that it is also possible to simulate non-

neutral atmospheric conditions using statistical methods which were not 

investigated in this work. In TurbSim, stable and unstable conditions can be 

modelled based on the work of Høstrup [234] and Olesen et al. [235]. It was 

observed in Chapter 5 that there were differences in the impact of the stable 

SOWFA wind field and the Kaimal wind field on the turbine response (notably the 

sway response and the blade flapwise bending moment) even when the hub 

height 𝑇𝐼 is the same, which suggests that atmospheric stability should be taken 

into account. However, unlike for the Kaimal model, it is not possible to directly 

scale the hub height turbulence intensity to a desired value in the non-neutral 

statistical models available in TurbSim which, as was shown for the LES wind 

fields, makes comparison against field data difficult.  

A benefit of using SOWFA with the LES method that was not investigated in this 

work is the ability to capture the complex flow physics involved in wake dynamics. 

This is necessary for wind farm simulations involving multiple turbines, where 

some turbines will be affected by the turbulent wakes of upstream turbines within 

the farm. A recent development in wind energy simulation tools is FAST.Farm 

[236], which is an extension of FAST for modelling wake physics in wind farms at 

a lower computational cost compared to full LES. The code requires a turbulent 

wind input using either an LES precursor or synthetic turbulence generated using 

a statistical model such as TurbSim. Validation of FAST.Farm is ongoing [237]. 

If the SOWFA approach is used to model ABL wind, the turbulence intensity is 

determined by the atmospheric stability condition and the ground or sea surface 

roughness. In the work presented in Chapter 5, the roughness height parameter 

𝑧0 was estimated based on the Charnock relationship, where the friction velocity 

𝑢∗ was estimated based on the target turbulence intensity using an approximation 

from the literature [149]. This approach was found to result in a hub height 𝑇𝐼 that 

was lower than desired in operational cases with neutral stability, and higher than 

desired in most cases involving typhoon wind. One reason for this is that the 

standard deviation 𝜎 of the wind speed is implied to be constant with height. In 
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general, the simulations using LES presented in this work show that 𝜎𝑢 decreases 

with height above the sea surface. The 2 MW turbine that was studied in the 

typhoon simulations has a lower hub height than the 6 MW Hywind turbine (56 m 

vs 98 m), but the height at which turbulence intensity and therefore 𝜎 is measured 

is not considered when estimating friction velocity. The approach used in this 

work may therefore result in a poor estimation of the surface roughness, and is 

not recommended for generating atmospheric wind with a target turbulence 

intensity. 

7.3 Considerations for High Fidelity Modelling of Turbine Blades 

In Chapter 6, a high fidelity method involving geometry resolved CFD and 3D 

FEA was proposed, which provides the opportunity to study the loading on the 

blades in detail without relying on tabulated 2D aerofoil data. The limitations 

associated with the aerofoil data required for BEM and ALM methods, such as 

the need for a correction to account for dynamic stall, therefore do not apply. In 

addition, the use of 3D finite element modelling of the structural behaviour means 

that detailed information on the local stresses can be obtained, which has been 

shown to be important when investigating blade buckling behaviour in extreme 

conditions [88]. Based on the significant differences between the presented high 

fidelity model and FAST, and the lack of experimental data to confirm which result 

is more accurate, the proposed model is not yet ready for use in the wind turbine 

design process. However, as offshore wind turbines continue to increase in size 

and blade aeroelasticity becomes more significant, high fidelity models that are 

able to capture this behaviour will become more important. In order to improve 

the reliability of the model, several modelling aspects must be considered in 

future work, which are described in this section. 

The presented results in Chapter 6 demonstrated that the simulated structural 

deflection behaviour of the blade is at least partially dependent on the fluid mesh 

configuration (Figures 6.9 and 6.10), with higher resolution meshes resulting in 

larger mean deflections in high wind speed cases as well as higher frequency 

oscillations. Due to time constraints and limited available computing resources, it 

was not possible to investigate finer structural mesh configurations in CalculiX. In 

order to obtain reliable results for the blade behaviour using preCICE, future work 
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will also require simulations with increasingly fine structural mesh until 

convergence is achieved. The computational costs of each simulation are 

presented in Table 7.1. All simulations were performed on 72-core dual Intel(R) 

Xeon(R) Gold 6254 CPU @ 3.10GHz processors, and OpenFOAM was run in 

parallel using 35 CPUs. The most computationally expensive simulation, which 

was of the extreme wind case on mesh 3, took approximately 21 days to complete 

10 seconds of simulation time. It should also be noted the fluid mesh resolution 

in the presented simulations is relatively low compared to guidance from the 

literature (Table 6.3), which suggests that more powerful computing resources 

are needed to study turbine behaviour using this modelling approach. It may also 

be possible to reduce computation time by running CalculiX in parallel to enable 

simulation of finer structural meshes. 

Table 7.1 Total runtime for each preCICE simulation required to reach the simulation time (given 
in parentheses) 

Number of fluid mesh cells 𝑼 = 𝟏𝟐 𝒎/𝒔 𝑼 = 𝟓𝟎 𝒎/𝒔 

486,287 41 hrs (30 sec) 52 hrs (10 sec) 

2,049,027 158 hrs (30 sec) - 

3,694,028 194 hrs (20 sec) 508 hrs (10 sec) 

 

The preCICE model has been demonstrated to be capable of simulating the 

bending of a simple cantilever plate in this work, however this single case may 

not be sufficient to consider the methodology validated. Additional validation 

cases are necessary in order to ensure that the method produces consistently 

accurate results. The model predictions of wind turbine blade bending have not 

been validated against experimental data since this was not available. A typical 

wind turbine blade has more complex structural behaviour than simple bending, 

such as shear forces or torsion. Therefore, the preCICE model should be 

validated further against experimental data that includes these effects in order to 

make it a reliable model for use in the design process for large flexible blades 

suitable for offshore wind turbines. 

The conditions simulated in this study provide insight into the behaviour of a 

parked blade during wind turbine shutdown, which occurs when the wind speed 

is outside of the operational range, and may also occur due to a fault or during 

turbine maintenance. If blade behaviour in operational conditions is of interest, 
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future work will need to include the effects of rotational speed on blade loading. 

This may be done using a single rotating frame approach in OpenFOAM if only 

rotating structures are to be modelled, or using a multiple reference frame or 

sliding mesh approach if stationary components such as the turbine tower are 

also modelled. 

When the rotor rotates, the loading on the blades will differ significantly compared 

to the parked case, because relative velocity of the flow interacting with the 

blades increases with radial distance from the hub, and the angle of attack also 

varies. At the lowest rotational speed (6 rpm) of the DTU 10 MW turbine [223], on 

which the model blade studied in this work was based, the blade tip speed would 

be 56 m/s. The relative speed of the wind flow at the blade tip would therefore be 

higher than in the extreme wind speed case in which the stationary blade was 

simulated in this work, and resulting deflections are likely to be larger than when 

the turbine is parked in extreme wind conditions. This would also require a higher 

grid resolution in the blade tip region in order to keep the 𝑦+ value sufficiently low 

enough to capture the effects of near-wall turbulence, which would subsequently 

increase the computational cost of simulations. 

A higher order structural code BeamDyn has been developed for FAST that 

addresses some of the limitations of ElastoDyn, and is designed to be better 

suited for highly nonlinear composite beam problems [106]. Whilst ElastoDyn is 

based on Euler-Bernoulli beam theory, BeamDyn uses geometrically exact beam 

theory based on the Legendre spectral finite element method, which models a 

beam using a single high order finite element, and is capable of modelling full 

geometric nonlinearity. The BeamDyn model requires more detailed input than 

ElastoDyn and incurs a computational cost that is roughly one order of magnitude 

higher, and so due to time constraints this was not investigated in the presented 

work. In future work it will be interesting to compare the 3D finite element 

approach in CalculiX presented here with BeamDyn or another mid fidelity code 

that takes into account more structural nonlinearity than ElastoDyn.  

7.4 Limitations of Presented Research 

A limiting factor of this work is that the aerodynamic calculations using different 

numerical models cannot be directly compared against real world data for floating 
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offshore wind turbines, since this is not available. This is an ongoing issue in 

floating wind research, and makes it difficult to determine which aerodynamic 

model is more accurate or more suitable. It is difficult to explain the consistent 

offset between the two models’ predictions of the rotor power and thrust, and 

determine the extent to which this is due to the need for further tuning of the ALM 

parameters examined in section 4.2. As discussed in Chapter 2, there is a need 

for reliable aerodynamic data for FOWTs to be made readily available in order to 

improve confidence in numerical modelling.  

Due to constraints on time and available computing resources, simulations 

involving the ALM were restricted regarding grid resolution; the majority of 

simulations of operating rotors featured a local grid resolution Δ𝑥 ≈ 𝑅/30, which 

is the lower bound of the guideline provided by Jha et al. [177], and the refinement 

of the elliptical 𝜖 distribution for a grid resolution of 𝑅/60 discussed in section 

4.2.3 was not investigated. Some of the recent developments proposed to 

improve ALM performance were also not considered in this work as they require 

finer grids that are more computationally intensive. For example, the 

recommendation by Shives and Crawford [180] of 𝜀 < 𝑐/4 would require more 

than 100 grid cells along each blade length for most modern large scale wind 

turbine designs in order to keep 𝜀 > 2 ∗ ∆𝑥 to avoid numerical instabilities. A 

possible solution is to vary the grid resolution at the rotor location to take into 

account the chord length, however this would be complicated if the blades are 

able to move within the domain such as in the SOWFA-FAST coupled model 

used in this work, and may require some form of mesh motion. 

For the simulations presented in Chapter 5, model turbines were developed 

based on the SWT-6.0-154 and Hitachi HWT2.0-80 turbines, however much of 

the information for these turbines is proprietary and therefore many of the 

parameters for the models were estimated, such as the blade geometry, blade 

and tower structural properties, and control system properties. It is therefore 

expected that the numerical model of the turbine will not behave in exactly the 

same way as their physical counterparts. This limits the ability to validate the 

numerical models against the field data, particularly in the case of aerodynamic 

loads in operational conditions and their effect on platform motions. 
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The impact of the atmospheric stability condition on the load and motion response 

of a floating offshore wind turbine was considered in Chapter 5, however the 

impact of stable and unstable conditions were not considered for the same wind 

speed. The combined impact of wind speed and atmospheric stability therefore 

cannot be determined from the simulated cases. In numerical studies by 

Doubrawa et al. [39], it was shown that blade loads are more sensitive to the 

atmospheric stability condition in low winds. 

All of the hydrodynamic calculations performed in this work considered first order 

effects only, since previous work has shown that second order effects on spar 

concepts are negligible [217,238]. However, higher order effects are likely to be 

more important in extreme conditions, where the aerodynamic loads are small 

due to the idling rotor [239] and the large waves mean that platform motions are 

not small relative to the platform diameter, meaning linear assumptions are not 

valid [44]. The reason that second order forces were not calculated in this work 

is that this would have required more detailed information on the spar platforms 

such as the mass distribution, which is difficult to obtain accurately for the turbines 

simulated in Chapter 5 where many of the parameters were estimated based on 

the availability of information from the Hywind and Goto Islands projects. In 

addition, the accuracy of the hydrodynamic coefficients required from WAMIT for 

second order calculations could not be guaranteed, since WAMIT does not 

include structural flexibility which may affect the calculated second order 

quantities [238]. The inclusion of second order hydrodynamic effects is also 

estimated to increase the computational expense of the simulations by an order 

of magnitude [217].   

The high fidelity model was used to investigate the behaviour of a turbine blade 

with a simplified structure, featuring one material with a uniform shell thickness 

and no internal structural support such as shear webs. Modern wind turbine 

blades are typically composite structures with layups that vary along the blade 

span in order to increase stiffness near the root and reduce mass near the tip. 

The resulting deflection and stress distribution for a realistic offshore wind turbine 

blade design is therefore expected to differ significantly from the results 

presented in Chapter 6. In addition, the simplified blade structure does not 

experience the complex effects associated with composite blades such as bend 

twist coupling or cross sectional coupling due to anisotropic layups [106]. Further 
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work is needed to confirm that the high fidelity model is able to accurately capture 

the behaviour of composite blades that are applicable for offshore wind turbines. 
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Chapter 8  

Conclusions and Future Work 

 

8.1 Summary of Outcomes 

In this work, low order numerical modelling using the engineering tool FAST has 

been compared with CFD models for a range of load cases for floating offshore 

wind turbines. The outcomes of this work in relation to the research questions set 

out in section 1.2 that this thesis aimed to answer are summarised as follows: 

How does the widely used blade element momentum theory compare with higher 

fidelity CFD based actuator line modelling for simulating the aerodynamic loads 

of a FOWT?  

 Chapter 4 demonstrated that when a uniform wind input is used, the 

difference between BEM and ALM predictions of rotor aerodynamics is 

larger for a FOWT than a bottom fixed turbine, and is sensitive to the rotor 

yaw misalignment angle. The BEM method predicts a larger rotor power 

fluctuation due to platform motion than the ALM, and BEM predicts a 

sharper decrease than the ALM in the mean aerodynamic loads with 

increasing yaw misalignment.  

 In the study of extreme conditions presented in Chapter 5, when the 

turbine is idling, it was found that actuator line modelling of a turbine tower 

may in fact result in less accurate platform translational displacement 

compared to the potential flow method used in FAST. 

How well do numerical models perform against experimental data for FOWT 

behaviour in realistic operational and extreme conditions?  

 Through comparison against field data from one of the turbines within the 

Hywind Scotland pilot park in Chapter 5, it was shown that the FAST 

framework using either a BEM or ALM approach for aerodynamic 

modelling is capable of simulating mean rotational platform displacements 
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of a spar type FOWT in response to different wind and wave conditions 

that match well with measured values. However, the large simulated pitch 

and yaw motions suggest that the numerical models require additional 

damping of these modes. Large errors were also observed in the 

translational motions in below rated conditions, indicating limitations in the 

modelling approach such as starting simulations at the turbine equilibrium 

position and considering only unidirectional waves.  

 The investigated numerical models were shown to be capable of 

simulating the platform motions of a spar FOWT in extreme environmental 

conditions with reasonable agreement with measured values, with the 

exception of the heave response, which was significantly underpredicted 

when first order hydrodynamic modelling was used 

To what extent does the modelling approach for the wind input impact the 

behaviour of numerical models of FOWTs?  

 It was found that that the use of the Kaimal model for the turbulent wind 

will result in similar results overall for the turbine response as when LES 

of a neutral atmospheric boundary layer wind is used, provided that the 

hub height longitudinal turbulence intensity is the same. However, the 

Kaimal model was shown to predict higher levels of lateral turbulence in 

high wind speeds that may have a small effect on sway, roll and pitch 

modes in neutral conditions 

 In simulations of a FOWT during a typhoon, it was shown that the choice 

of wind model has very little impact on the extreme response of a FOWT, 

suggesting there is no significant benefit to using LES modelling instead 

of more efficient statistical methods for the wind input. The misalignment 

between the wind and waves may however have a significant impact on 

the platform yaw response. 

How can high fidelity fluid structure interaction modelling help to inform on FOWT 

behaviour compared to more commonly used low fidelity models? 

 In Chapter 6, it was shown that high fidelity FSI modelling using geometry 

resolved CFD and 3D FEA can capture simple bending behaviour with 

results that agree well with established benchmark results, and can 

provide valuable information on stress concentrations in a parked wind 
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turbine blade during extreme loading which is not possible with simple 

beam models.  

 Early simulations using the high fidelity model showed significantly smaller 

deflections for a highly flexible wind turbine blade than those predicted 

using the BEM method and linear beam approach in FAST, though this 

may be related to the relatively coarse mesh configurations used.  

8.2 Research Contributions 

The original contributions to research of this project are summarized as follows. 

 The widely used numerical tools FAST and SOWFA have been used to 

compare BEM and ALM implementations within a coupled aero-servo-

hydro-elastic modelling approach for floating offshore wind turbine load 

cases. The presented study revealed a small increase in the difference 

between each model’s estimation of rotor loads for a FOWT subjected to 

platform motions compared to a fixed turbine. 

 Numerical models were compared against field data for full scale floating 

offshore wind turbines. To the author’s knowledge, this is the first study of 

its kind to validate coupled numerical models against the data from Hywind 

Scotland which was distributed by Equinor and ORE Catapult in 2019. It 

was confirmed in this study that the numerical models used in FAST are 

capable of modelling the platform displacements of a spar mounted FOWT 

in a range of different wind conditions with reasonable agreement with 

measured values, although there is scope for improvement. 

 As part of the effort to validate the numerical tools against field data, FAST 

models of two spar mounted turbines with 6 MW and 2 MW power ratings 

were developed based on the turbines used in the relevant floating wind 

projects. These models also included the hydrostatic restoring, added 

mass and damping coefficients from WAMIT for each spar platform to 

enable first order hydrodynamic analysis. The novel input files for these 

models are available at github.com/rachaelesmith.  

 A framework for FSI modelling of wind turbine blades using open source 

software for geometry resolved CFD and 3D FEA was developed, where 

the two way coupling is configured using preCICE. The results from the 

https://github.com/rachaelesmith
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proposed tool were also compared against FAST for a case involving a 

stationary blade. Through partial validation against a benchmark case, this 

approach has been shown to be capable of handling large structural 

deformations, and with further validation this tool can be used to 

investigate the structural response and detailed loading information of the 

increasingly large and flexible blades that are used in offshore wind 

applications. 

 Guidance and recommendations for the use of the studied models with 

focus on floating wind considerations are presented, which are 

summarized in the following section. 

8.3 Recommendations for Use of Numerical Models 

Low Fidelity Modelling with BEM 

The validation of numerical models against field data presented in Chapter 5 

demonstrated that there is overall little difference between the predicted platform 

motion response when a TurbSim wind input is used compared to LES in neutral 

conditions (provided that the longitudinal turbulence intensity is the same in 

operational conditions). The use of the Kaimal model may also provide an 

acceptable approximation of the impact of unstable conditions on FOWT 

response provided that an appropriate turbulence intensity is specified. In 

addition, the difference between the BEM and ALM predictions of aerodynamic 

loads appears to have little impact on the mean platform displacement. This is 

also found to be true in typhoon conditions, where the aerodynamic modelling 

method was found to have no significant impact on the extreme values of the 

platform response or the loading on the parked blades. This suggests that the 

use of BEM (with appropriate corrections) with the Kaimal model is suitable for 

FOWT simulations in most load cases, at least when the hydrodynamic response 

is of interest, and may even provide better results than the presented ALM 

approach in extreme conditions when considering the mean platform 

displacement.  
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CFD Modelling with ALM 

For floating offshore wind turbines that experience a large heel angle, or turbines 

that are intentionally misaligned with the wind in order to redirect their wakes 

away from downstream turbines, it may be beneficial to use an ALM to 

understand their behaviour, at least in the cases where misalignment is expected 

to be largest.  

In above rated conditions where the rotor is not operating and the aerodynamic 

loading is primarily due to forces on the tower, it is not recommended to use an 

ALM of a FOWT with a drag-only actuator line representation of the tower, since 

this may result in poor predictions of the platform displacement. There is also no 

apparent benefit to using computationally expensive LES over lower order 

models for simulating extreme typhoon wind impacts on FOWTs. 

FSI with Geometry-Resolved CFD 

Despite limitations associated with the use of relatively coarse mesh 

configurations, the high fidelity model has been shown to estimate a stress 

distribution that would be expected based on the internal structure of the 

investigated blade. Due to the very high computational cost, it is not 

recommended to use this model early in the design process for FOWT blades 

when many designs are being considered.  

At this stage, the model is not ready for use in wind turbine design applications, 

since the exact reasons for the observed disagreement with FAST are not yet 

known. However, once a full mesh convergence study has been completed and 

the model has been validated against relevant experimental data, it may be 

extremely useful for investigating blade structural response in detail and 

identifying specific areas for improvement in blade design after the conceptual 

design stage. In particular, this may be a valuable tool for analysing blade 

behaviour where large deformations are expected, such as in extreme wind 

conditions, where low order models may be less reliable and have been shown 

in this work to lead to numerical spikes that may compromise the results. Large 

deformations and complex behaviour are increasingly likely to occur as offshore 

wind turbines become larger and blades become longer and more flexible. This 

level of modelling may limit future need for rigorous experimental testing of 

prototype blades, which ultimately helps to reduce the cost of wind turbine design. 
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8.4 Future Work 

Based on the outcomes of this research and the acknowledged limitations, 

several proposed areas for future work have been identified: 

1. Experimental validation of FOWT aerodynamics and blade structural 

response: The data from the Hywind Scotland and Goto Islands floating 

wind projects provides valuable information on the platform motion 

response. However, there is still a need for experimental validation of 

numerical aerodynamic models for floating wind applications. In addition, 

the high fidelity coupled numerical model for fluid structure interaction 

simulation has not yet been validated for analysing wind turbine blade 

response. It is therefore necessary to obtain experimental data that 

describes the impact of floating platform motions on power production and 

aerodynamic loads, and data that describes the structural deformation of 

a flexible wind turbine blade. 

 

2. Validation of hydrodynamic models against full scale field data: A limitation 

in the validation of numerical models against field data that was identified 

in this work is that only first order waves and hydrodynamics were 

considered, which may explain the significant underpredictions for the 

translational motions, particularly the heave motion in the simulation of 

typhoon conditions. It is therefore recommended that further validation of 

the numerical models presented in this work against the Hywind Scotland 

field data is conducted with higher order hydrodynamic modelling included. 

This will help to determine the extent to which the errors in this work are 

due to the hydrodynamic model and how much they are influenced by the 

aerodynamic modelling. 

 

3. Extension of high fidelity coupled FSI model: The approach for modelling 

the fluid structure interaction behaviour of a wind turbine blade using 

geometry resolved CFD and 3D FEA has so far only been used to 

investigate a stationary blade with a very simple internal structure. Future 

work will therefore focus on modelling more realistic blade structures using 

FEA, and including blade rotation through the use of moving meshes or 
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reference frames in OpenFOAM. A full mesh convergence study including 

the impact of the structural mesh in CalculiX is also necessary in order to 

improve confidence in the model results. 
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Appendices   
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A Platform Motions in Regular Waves and Uniform Wind 

 

 

Figure A.1: Surge and pitch motions of the floating platform under different wave conditions, with 
mean offset between FAST and SOWFA removed. Dashed lines represent predictions from 
FAST, solid lines represent SOWFA 
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B Development of Quasi Equilibrium in Precursor Simulations 

 

Figure B.1: Mean velocity in precursor simulations of cases (a) CN1 and (b) CN3 

 

(b) CN3 

(a) CN1 
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Figure B.2: Mean velocity in precursor simulations of cases (a) CN4 and (b) CU4 

(a) CU4 

(b) CN4 
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C Standard Deviations of Wind Speed Components 

C.1  Operational Wind Fields 

 

Figure C.1: Standard deviations of the u-, v- and w- components of the wind speed for case C1, 
U = 5.2 m/s 
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Figure C.2: Standard deviations of the u-, v- and w- components of the wind speed for case C3, 
U = 13.7 m/s 
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Figure C.3: Standard deviations of the u-, v- and w- components of the wind speed for case C3, 
U = 20.4 m/s 



 

206 
 

C.2  Typhoon Wind Fields 

 

 

Figure C.4: Standard deviations of the u-, v- and w- components of the wind speed for (a) case 

2, 𝑈ℎ𝑢𝑏 = 26.6 m/s, and (b) case 3, 𝑈ℎ𝑢𝑏 = 31.9 m/s 

(a) 08:00 – 09:00, 𝑈ℎ𝑢𝑏 = 26.6 m/s (b) 09:00 – 10:00, 𝑈ℎ𝑢𝑏 = 31.9 m/s 
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Figure C.5: Standard deviations of the u-, v- and w- components of the wind speed for case 4, 

𝑈ℎ𝑢𝑏 = 37.5 m/s, and case 6, 𝑈ℎ𝑢𝑏 = 38.0 m/s 

(a) 10:00 – 11:00, 𝑈ℎ𝑢𝑏 = 37.5 m/s (b) 12:13 – 10:00, 𝑈ℎ𝑢𝑏 = 38.0 m/s 

  



 

208 
 

 

 

Figure C.6: Standard deviations of the u-, v- and w- components of the wind speed for case 7, 

𝑈ℎ𝑢𝑏 = 34.5 m/s, and case 8, 𝑈ℎ𝑢𝑏 = 31.5 m/s 

(a) 13:00 – 14:00, 𝑈ℎ𝑢𝑏 = 34.5 m/s (b) 14:00 – 15:00, 𝑈ℎ𝑢𝑏 = 31.5 m/s 
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Figure C.7: Standard deviations of the u-, v- and w- components of the wind speed for case 9, 

𝑈ℎ𝑢𝑏 = 27.5 m/s, and case 10, 𝑈ℎ𝑢𝑏 = 22.7 m/s 

(a) 15:00 – 16:00, 𝑈ℎ𝑢𝑏 = 27.5 m/s (b) 16:00 – 17:00, 𝑈ℎ𝑢𝑏 = 22.7 m/s 
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D  Structural Properties of Model Blade 

Table D.1: Sectional structural properties along the blade. Inertia is calculated about the section 
centre of gravity, and offset is given with respect to the pitch axis 
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