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Abstract  
 

 

 

Floating offshore wind turbines (FOWTs) are a solution to harvest wind energy in deep water 

wind farms thanks to higher wind energy potential than onshore configurations. Fast and 

effective numerical models explaining the impact of platform motion on wind fields are 

fundamental to harvesting the potential energy in large offshore wind farms. This project 

developed a CFD-based Computationally-Efficient approach based on an actuator line model 

(ALM) to study FOWTs. A dedicated C++ library was implemented in the OpenFOAM 

toolbox to complement reasonable accuracy and affordable computational effort while 

investigating the effects of the platform motions on the wake evolution. Two well-known 

turbine cases were studied, including NREL Phase VI with adequate available experimental 

data and NREL 5-MW being representative of a large-size wind turbine. It was well 

documented that, at the same displacement, pitch and surge motions have the most considerable 

impact on turbine performance due to their inherent effect on 3D local wind inclination in the 

relative frame. The ALM implementation decreased computational cost as just about 400k and 

600k grids are necessary for performance assessment of the NREL Phase VI case and NREL 

5-MW case with reasonable accuracy. Visualizing the followed flow fields proved the ability 

of the ALM code in capturing vortices trajectory, potential blade-vortex interactions, vortex 

pairing, and vortex ring state phenomenon in FOWTs. It is shown that a high amplitude or 

frequency of motion can result in the dynamic stall or vortex ring state. Even though a motion 

affects the turbine performance marginally, the wake can still be dominated due to complex 

flow conditions like vortex interactions or pairing. 
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1. Introduction  

 

 

 

In the European Union, the share of renewable energy in gross final energy consumption 

was 18.9% in 2018 [1] and, among all renewables, wind energy generation in 2019 accounted 

for 15% of the EUôs electricity demand in 2019 [2]. As a matter of fact, there is an increasing 

demand to produce energy in offshore wind farms: new annual installed offshore wind turbines 

in the EU increased from just 5.61% of total wind installation in 2009 to 27.5% in 2019, i.e., 

3.6 GW new (gross) additional capacity [2,3]. 

Following the extensive exploitation of wind energy in shallow waters, harvesting wind 

energy over deep water is the next energy source to be exploited. Floating offshore wind 

turbines (FOWTs) are a solution to harvest wind energy in deep water wind farms thanks to 

the availability of higher wind energy potential compared to onshore configurations. Owing to 

both the shear effect and surface roughness, the condition of wind becomes more suitable for 

wind turbines by moving away from shorelines. Nevertheless, effective exploitation of offshore 

installations requires a more complex plant configuration that can differ depending on several 

parameters, among which depth of water plays the most crucial role [4ï6]. 

The number of projects that are working on shifting towards floating offshore wind energy 

is increasing [7]. The investment growth decreases the levelized Cost of Energy (LCOE), 

which is expected to be 40ï60 ú/MWh by 2030  [8]. Such price varies depending on the 

configuration and scale; however, the commercialization of FOWTs decreases the LCOE 

https://www.sciencedirect.com/topics/engineering/levelised-cost-of-energy
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trajectory [9]. The calculation of LCOE is usually have performed based on the simplistic 

approaches of power calculation. The impact of turbine aerodynamics and its uncertainty still 

needs more study to have a more accurate LCOE. 

In addition to structure design issues, FOWTs experience more complex aerodynamic 

phenomena compared to fixed-bottom HAWTs due to the platform motion [10]. Accurate 

prediction of aerodynamic load on wind turbine blades is essential for turbine design. The 

velocity experienced by the blade in FOWT varies due to several phenomena. The effect of 

blade element movement, the effect of the upstream rotor, and more complex phenomena such 

as interacting the blade with their own highly unsteady wake could result in dramatic large-

amplitude fluctuations in the aerodynamic load and power production. The flexibility of long 

slender blades in FOWTs can cause sudden blade deflections due to the mentioned load 

fluctuations. Considering the probable factors changes other turbine design concerns including 

lade materials and manufacture and control. 

1.1 Offshore floating wind turbines design concepts 

The floating conditions require a new design and analysis of the rotor and its platform that 

introduces new challenges. Different types of floating configurations for wind turbines have 

been or are being developed [4],[11]. They include three main categories: catenary moored 

semi-submersible platforms, the tension leg platform (TLP), and the spar-buoy with different 

characteristics [12]. These are mainly adapted from the oil and gas industry. 

Each configuration has distinct characteristics. For instance, TLPs have smaller and lighter 

structures; however, stress on the tendon and anchor system is higher in these designs. Also, it 

can be said that the spar-buoy is more suited to deeper waters (>Ḑ80 m) [13]. 
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Figure 1. Offshore floating wind turbines conceptual designs [7] 

More than 30 platform concepts have been proposed [14,15]. However, based on the 

primary mechanism adopted to satisfy the static stability requirements. A stabilization 

mechanism can be based on the following three main stabilizing mechanisms or a combination. 

1. Ballast stabilized  

The center of gravity of the entire system is moved below the center of buoyancy by placing 

massive ballast deep at the bottom of the floating structure. When the platform is tilted, this 

creates a stabilizing restoring moment that counterbalances rotational displacements. 

2. Buoyancy (or waterplane) stabilized  

For this kind of stabilizing mechanism, the waterplane area has a central role in the restoring 

moment. A large waterplane area or smaller cross-sectional areas at a longer distance from the 

central axis can provide a significant second moment of area with respect to the rotational axis. 

When a rotational displacement happens, it can create a larger stabilizing righting moment. 

3. Mooring stabilized 

 When the structure is inclined, the restoring moment is generated by high tensioned 

mooring lines. 

Even though the floating platforms are utili zed in different concepts, they can all be matched 

in the modified stability triangle concept that is represented in Figure 2. The position of Spars, 

a) Semi-submersible b) Spar c) Barge d)Tension-leg platform 

(TLP) 
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semi-submersibles or barges, and tension leg platforms (TLPs), as three of the main platforms, 

are also pointed in this triangle.   

A spar buoy is a ballast-stabilized cylindrical steel or concrete structure that resembles a 

fixed monopile foundation. Catenaries are usually used to keep it in place, but vertical taut 

spread cables are sometimes used to minimize heave moments. Spar-Buoys are comparatively 

long, with lengths of up to 100 meters where the majority of the structure is submerged, to 

offer enough stability. Because of this, the device is often used in waters with a depth of more 

than 100 meters. 

Semi-submersible platforms usually consist of three columns placed on the edges of a 

triangle. The wind turbine is either installed on one of these columns or in the triangleôs center 

by a fourth one. This floater type involves two hulls; The top hull provides the necessary 

buoyancy to keep the platform afloat, while the ballast hull ensures the systemôs stability. In 

contrast, the waterplane-area stabilizer in the barge system is a plane structure. The semi-

submerged structure protects the lower part from being affected by waves. The platform is held 

in place by catenary or taut lines made of wires, ropes, or chains anchored to the seabed, similar 

to Spar-Buoys. 

Finally, the tension leg platform (TLP) that is a mooring stabilized system. This method has 

been widely employed in the oil and gas industry for up to 1,500 meters of depth [15]. They 

are held in place solely by their updraft and mooring line tension. They are held in place solely 

by their updraft and mooring line tension. The base of tension leg platforms is fully submerged. 

In contrast to semi-submersible platforms, they are kept in place by tensioned tendons rather 

than catenary moorings. Tensioned tendons are made up of metal or synthetic wires that are 

attached to the seabed using gravity or suction anchors or steel-driven piles. 
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Figure 2 Stability triangle for floating structures [16] 

The assessment of three main different floater concepts of spar, semi-submersible, and TLP 

is presented in Table 1. All the mentioned concepts have their own advantages and 

disadvantages that need to be chosen based on the demand. The combination of these stability 

mechanisms leads to so-called hybrid floating concepts. As a result, the features of several 

systems can be merged in a single floating framework. Tension Leg Buoy (TLB) is a common 

hybrid floating concept that is a spar floater moored with tendons. For instance, the Floating 

Haliade by Alstom in France, the Ocean Breeze by Xanthus Energy in the UK, the TLB series 

by the Norwegian University of Life Science, and the SWAY or Karmoy in Norway. Nautica 

Wind power combined a TLP with a semi-submersible to support a two-bladed wind turbine 

known as the single-point moored AFT (advanced floating turbine) [14]. 
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Table 1 Strengths and Weaknesses of the main floater concepts 

Type Strengths Weaknesses 

spar ¶ Excellent inherent stability  

¶ Simple design that can be easily 

fabricated 

¶ Cheap and straightforward 

mooring and anchoring system 

¶ Simple structure, 

manufacturing, and maintenance 

¶ Minimum number of welds 

¶ Soil condition insensitivity 

¶ Option of using concrete instead 

of steel 

¶ Not many active systems or 

complicated components 

¶ Suitable for even higher sea 

states 

¶ Low risk of failure 

¶ Not much vulnerable to 

corrosion 

 

o Rather large motions 

o Only suitable for deep-water 

sites (>80m) because of large draft 

o Assembly in shallow water is 

not possible  

o Massive impact on the seabed 

o Long mooring lines (costs)  

o Assembly in sheltered deep 

water  

o Challenging and costly float-out 

and installation  

o Requires large drafts for 

onshore assembly 

o Long & heavy structure (costs)  

o Higher fatigue loads in tower 

and blade compared to TLP  

 

 

Semi-

submersible 

¶ Depth independence  

¶ Onshore assembly and towing to 

the final position 

¶ Towing easy for maintenance 

¶ Reduced heave response 

¶ Soil condition insensitivity 

¶ Cheap mooring and anchoring 

system 

¶ Low overall risk 

o larger wave-induced motions 

o Lower stability, higher motions 

o Large seabed footprint 

o Complex structure to 

manufacture 

o Requires comparably large 

amounts of steel and long mooring lines 

o Subject to corrosion and ice-

loads since much of the structure is 

closer to the water surface 

TLP ¶ Excellent stability, low motions 

¶ Lower fatigue loads in tower 

and blades than semi-submersible 

structures and lower fatigue loads in the 

tower base than Spar-Buoys 

¶ Suitable for intermediate depths 

¶ Small seabed footprint 

¶ Short mooring lines (cost) 

¶ Little vulnerable to corrosion 

¶ A simple structure to inspect,  

¶ Few moving parts (no active 

ballast) 

¶ Low mass and material usage 

¶ Onshore assembly and towing to 

the final position 

o The complex installation 

process, due to inherent instability 

during the towing 

o High loads on the mooring and 

anchoring system 

o Concerns about the lifetime of 

tendons 

o Improper for strong tidal 

currents or storm surges  

o Improper for shallow water 

o Improper for some soil 

conditions 

o Complex and costly mooring 

and anchoring system 

o Less developed concept for 

wind energy applications 

Data Source:[7,14,16ï18] 

 



Introduction 

 

7 

 

1.2 Analysis approaches 

Analysis and design of FOWTs are more challenging than their land-based counterparts and 

existing offshore structures. The multi-physics involved in the topic is one of the challenges in 

designing offshore constructions. The design process involves aerodynamics, hydrodynamics, 

and structural dynamics that involve mooring cables analysis. With respect to the phenomena 

of interest and the acceptable data accuracy, the choice of numerical modeling method requires 

a trade-off between accuracy and/or fidelity and computational efficiency. The fidelity of the 

method refers to the amount of simplification of the involved physics or phenomena, as well 

as the level of trust in the accuracy gained by the model. The time it takes for a model to 

simulate a problem with normal computing equipment is commonly stated as computational 

efficiency. Numerical models can be divided into three categories: low-, mid-, and high-

fidelity; overall, higher fidelity requires more computational resources that lower 

computational efficiency. The fidelity level used is a function of the simulationôs goal as well 

as the level of analysis and precision necessary. 

Low-fidelity models are typically utilized for sizing analysis and optimization during the 

early stages of FOWT design. After the initial design stage, mid-fidelity models, also known 

as engineering-level tools, are used to study the operating and harsh circumstances of FOWTs. 

High-fidelity models are commonly utilized for extensive investigations throughout the final 

design stages, particularly to properly obtain stresses on the structure. High-fidelity models are 

commonly utilized for extensive investigations throughout the final design stages. A multi-

fidelity method is also possible, in which elements from each fidelity-level model are used at 

different stages of the design process. 

Hydrodynamics 

More investigation is required to fully comprehend the interaction of ocean waves and wind 

turbines. This interaction is essential for many reasons that some of them are mentioned as 

follow:  

a) Because some of the structuresô natural frequencies may overlap within the bandwidth of 

the ocean wave spectrum, this contact might generate resonance. 

b) Higher natural frequencies in TLP can be near to sum-frequency wave loading, resulting 

in ringing. 
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c) In spar buoy and barge systems, the lower natural frequencies can be close to difference-

frequency wave loading and create slow drift motions. 

Numerical modeling approaches for hydrodynamic issues were created primarily for the 

marine and offshore oil and gas industries, but they can also be utilized to FOWT floaters and 

platforms.  For the computation of first- and second-order wave excitations, the Potential Flow 

technique, the Morison Equation, or a combination of the two is utilized. These approaches 

provide the necessary accuracy with a reasonable computing cost, but they can have issues with 

complex geometries. 

The diffraction/radiation approach is divided into first-order, second-order, higher-order, 

and totally nonlinear methods that are based on the potential flow theory (concerning wave 

steepness). The oscillation amplitudes are assumed to be minimal compared to the floating 

bodyôs cross-sectional area, and viscous effects are neglected. The floating body is divided into 

panels in this technique, and hydrodynamic loads are calculated by integrating the dynamic 

pressure across the wetted panels. The submerged geometry is the hydrostatic equilibrium in 

still water.  

The Morison equation is used for structures that include slender cylindrical members. It can 

simulate structures in waves and currents, as it models inertial loads and viscous loads, unlike 

the potential flow model. Morison et al. [19] developed this empirical equation for infinitely 

long cylindrical offshore structures. The Morison equation is limited as it ignores the floating 

bodyôs effect on the incident wave field. 

When either the PF methods or ME is insufficient to capture certain hydrodynamic 

phenomena, a combination of them can be utilized. This can be considered as a computationally 

efficient alternative for CFD modeling. The hybrid method can be utilized for platforms that 

include large columns and slender braces or when the viscous drag effects resulting from severe 

sea states are present. 

The high-fidelity CFD models can capture complex flow problems such as vortex shedding 

around heave plates. Due to the high computational cost of CFD, it is usually just employed to 

tune model parameters for lower fidelity models. It is complicated to draw direct comparisons 

between the accuracy of CFD models and PF + ME models. A variety of parameters are 

involved in determining the modelôs accuracy. Performing the simulation by steady-state 

equations or transient equations, the investigated load cases, tuning the hydrodynamic 
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coefficients, mesh characteristics, and the user competence, and confirming a converged result 

for the CFD model are some involved parameters. Also, the calculation of the second-order PF 

solution, rather than first-order wave stretching, and the correct viscous damping in the model 

are involved in the accuracy of the PF + ME solution [20,21]. 

Mooring cables 

Mooring systems allow floating constructions to be employed in deep oceans where 

standard jacket foundations are either too expensive or too difficult to install. The mooring 

system, which is normally made up of a series of cables, provides the structure with both 

station-keeping and dissipation effects. The design goal is to have a mooring line system with 

the durability to resist external forces but show stiffness properties for the FOWT platform to 

work beyond the wave excitation frequencies. The initial step is selecting the anchor based on 

a soilôs holding capacity. The number of anchors required should make a balance against the 

external forces applied on the FOWT. The minimum breaking strength, or MBS, of a line, is 

then determined by its holding capacity. Following that, mooring properties, including line 

material, line length, and clump weights, are chosen based on a desired performance 

requirement. After that, iterative simulations are done to see if the line meets the required safety 

margins [22].  

There are many factors that should be considered in the adopted mooring design, including 

material fatigue properties, anchor holding strength, seabed clearance and between other 

subsystems, breaking loads, special considerations for fiber ropes (for example, compression 

fatigue and creep characteristics), tower and wind turbine motion limitation, and permissible 

platform offset. These factors should be balanced with the environmental loads. 

Mooring systems usually consist of a combination of the following elements: 

¶ Mooring line: Wire rope or Fiber (synthetic) rope 

¶ Anchor: Drag embedment anchor, Plate anchor, Suction pile, Pile and screw anchor, or 

Gravity anchor 

¶ Clump weights and buoyancy modules 

¶ Connection equipment and hardware: Triplate,  Shackle, or Splices 
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Aerodynamics: 

The fluctuation in relative wind velocity caused by platform motions is the most challenging 

factor in the aerodynamics of FOWTs. Dynamic inflow, also known as unsteady dynamics, is 

a phenomenon that can cause rotor thrust loading to overshoot, resulting in negative damping. 

An accurate simulation is crucial for estimating power output. In addition to improving power 

generation, the turbine controller should also minimize the consequences of dynamic inflow 

[23]. Moreover, an appropriate aerodynamic simulation is vital for assessing fatigue reduction 

[24] and blade lifetime prediction. The evolution of turbine wake and its effects on the turbine 

dynamics, downstream turbines, and FOWT farm layout is another important issue that needs 

to be investigated. 

As previously stated, choosing the appropriate numerical method to utilize within the design 

stages is a trade-off between the available time and monetary budget and the required level of 

uncertainty and accuracy. The following section presents a review of the conventional method 

and prior research.  

1.3 Prior works  

Nowadays, the wind industry faces challenges in developing wind farms [25]. In fact, the 

wakes of wind turbines interact with each other in the wind turbines downstream as well as 

with the turbulent atmospheric boundary layer (ABL) [26]. One essential factor in designing 

wind farms is the accurate prediction of annual energy production in the wind farm. Thus, 

realizing the effect of wakes and atmospheric turbulence on the power production and transient 

mechanical loading is a challenge at the turbine level [26]. 

There are at least two reasons that enlarge the importance of precise characterization of wind 

turbine wake. First is the calculation of wind deficit along the wake as it develops downstream 

of each rotor is vital for predicting adjacent turbinesô power. The second one regards the 

considerable effect that wake has on increasing the turbulence level; this causes more intense 

unsteady loading on the downstream wind turbines [27] [25].  

A variety of approaches, including analytical, computational, and experimental methods, 

have been used in order to study wind turbine wakes and wind farm flows [25]. Some of the 

most relevant are briefly introduced below: 
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Analytical modeling:  

In wind turbine modeling, modeling of physical induction inflow near the rotor disk is an 

important issue. Even using the elliptic formation of NavierïStokes equations around a turbine 

shows that a disturbance signal downstream affects the flow in the rotor disk and upstream. 

However, due to complexity and higher computational cost, elliptic solutions techniques are 

not commonly used [27]. Vortex modeling is another method for rotor wind speed calculations 

in which lifting lines or surfaces represent the blades and the vortices [27]. 

Parabolized NavierïStokes equation, which is more common than the two mentioned 

methods, simplifies NavierïStokes by ignoring the diffusive momentum transport term in the 

primary flow direction [28]. This method omits the pressure gradient term along the transverse 

direction to have a more straightforward equation that is common to use in engineering 

problems [29]. The actuator disk or 1-D momentum theory is usually applied to calculate 

induced velocity components in parabolic flows. 

The actuator disk (1-D momentum theory) approach is based on the momentum theory. The 

wind turbine is modeled as an actuator disk in this model, assuming an infinite number of 

blades. The flow is considered steady, inviscid, non-rotational, incompressible, and 

asymmetric with constant pressure profiles. The thrust is also assumed to be uniform over the 

disk area and a constant velocity through the disk [30,31]. 

The inverse 1-D momentum theory approach, as described in [32], is a simple approach for 

the estimation of forces applied to the rotor plane. Some researchers have combined it with a 

CFD algorithm in which conventional thrust curves are calculated according to induced 

velocity, whereas the conventional method was according to Ὗ  [33].  

Blade Element Momentum (BEM) theory, introduced by Glauert [34], is of the most 

commonly used methodologies for investigating turbine aerodynamics. BEM depends on blade 

aerodynamic characteristics and the Cl and Cd of the blade section. In BEM, two equations for 

axial and tangential forces are written, and estimating the induction factor for velocity is solved 

by iterative algorithms [35,36]. This method is beneficial from the computational cost point of 

view, compared to the numerical methods like CFD or Lattice Boltzmann methods (LBM).  In 

terms of accuracy, the results of this method are satisfying in the case of  availability of airfoil 

data [37]. Nevertheless, its initial formulation had a shortage to model phenomena such as 

angular movement of the platform and wake. 
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In general, the turbine wakes are studied in two regions: i) a near-wake region that starts 

right downstream of the rotor and extends until about two rotor diameters, and it is followed 

by ii)  the far-wake region that is developing further away. In region i), the formation and 

development of the flow is mainly influenced by how blade shapes affect the tip vorticities and 

can it be simulated by using flow field solvers (e.g., CFD or LBM). In the second region, which 

is indeed relevant to wind farms design, the wakeôs effect is primarily characterized by growing 

turbulence intensity and reduced average wind speed [38]. Atmospheric turbulence also 

influences the far-wake region, which accelerates wake recovery for velocity deficit and 

turbulence intensity [39]. 

Even by calculating turbine wake using high-fidelity methods, the wake superposition 

concept is a source of error in wind farm wake modeling. Geometric sum, Linear sum,  Energy 

balance, and Quadratic sum are four approaches that are mainly used for this purpose [40]. Van 

Leuven considered the effect of the closest turbine in his model. His approach worked well for 

the Zeebrugge wind farm [41]. However, for offshore wind farms, where the wake effects can 

be more dominant, the importance of wake superposition method is even more [42]. Habenicht 

[43] compared the mentioned superposition methods for four different offshore wind farms. 

His results showed that linear and quadratic methods give less error compared to others. 

For simulation using BEM theory, some models for investigation of the wake are developed. 

Frandsen [44] developed an infinite wind farm boundary layer (IWFBL) model according to 

the difference in shear stresses above and under the turbine hub height. The Jensen wake model 

[45,46] considers a control volume from the rotor plane to the point. It is assumed that wakes 

expanded linearly and flow is axially symmetric, with no rotation, no turbulence, and conic 

shape wake profile. Based on this model, the PARK model was developed for considering the 

effect of multiple wakes on the velocity [27,47ï50]. 

With a simple wake calculation procedure, the Larsen model was introduced first in 1988. 

Initially , this model was derived from the axis-symmetric form of RANS equations by 

neglecting the pressure term [51,52]. Since this version was derived for considering the single 

wake case, it was redeveloped in 2009 to provide a solution for multiple wake situations. In 

this version, boundary conditions are defined at the rotor plane and a distance of 9.6D 

downstream [53]. The dynamic wake meandering (DWM) model considers wakes as passive 

tracers driven by the large-scale turbulence structures in the atmospheric boundary layer. This 
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model is based on equations for velocity or wakes deficit, meandering of the wake, and rotor 

added turbulence [54,55] 

In the offshore application of wind farms, specifically for floating turbines, the dynamic 

stall is a potential phenomenon that is due to turbine forward-backward motion that leads to 

oscillation in the angle of attack. The pitch, surge, and other wind turbine movements can 

considerably affect the flow field around wind turbine blades. The mentioned theories have a 

fundamental limitation as they are not able to let the 3D flow across various rotor radial 

elements. The suitability of models that considers the transient nature of the flow, e.g., dynamic 

wake models (see [56,57]), are investigated by [7], and it was showed for floating 

configurations, more advanced approaches are necessary. 

Computational fluid dynamics (CFD):  

Free Vortex Wake (FVW) models solve the turbine wake in a time-accurate manner; this 

allows the vortices to convert, diffuse and stretch. This model is based on a Lagrangian 

approach in which vortex filaments released from the blade are used, whereby the turbine wake 

is discretized into some Lagrangian markers, so the unsteady nature of FOWT wake is modeled 

through shed vorticity. Blades are modeled using lifting lines or source/doublet panels in free 

vortex methods. As prescribed load based on tabulated airfoil data are employed for the lifting 

lines, the model's accuracy is affected by input data. Unfortunately, the airfoil data are usually 

available just for static conditions, and corrections must be employed for modeling not resolved 

using this method [58]. 

In the case of modeling blades by means of panels, additional models are required to 

calculate the onset of the stall that makes the model able to consider these separations. Also, 

the lifting line Free-Vortex Wake (FVW) approaches is limited to predicting the aerodynamic 

loads in large surge movements when there is a dynamic stall. This is because the local flow 

around the blade profile is unavailable in this method. 

Unsteady Reynolds-Averaged NavierïStokes equations (URANS) have been 

comprehensively used to study wind-turbine and wind-farm flows [59]. The fast growth in 

computational power leads to important progress in developing, validating, and applying 

turbulence resolving CFD tools. In particular, large-eddy simulation (LES) that is widely 

applied for wind turbine applications (e.g., see [60]) needs the parametrization of the smallest 

scales (sub-grid), whereas the larger and more energetic scales are explicitly resolved. This is 
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unlike RANS and other reduced-order models (e.g., linearized NavierïStokes solvers) that 

parametrize all scales of the turbulence [60]. Nevertheless, for complex turbulent flows, the 

results of LES are sensitive to the parameterization of subgrid-scale turbulent fluxes and 

subgrid-scale forces that include turbine-induced forces. Despite the high computational cost 

(Ḑ 103ī104 CPU hours per simulation [25])  and in the case of appropriate parametrizations, 

the accuracy of LES was shown to be high for simulating the turbulent boundary-layer flow 

around wind turbines and wind farms [60].  

Pitch, surge, and other movements of floating offshore wind turbines can considerably affect 

the flow field around the blades. Considering this point, acquiring an accurate prediction of 

unsteady aerodynamic loads using the conventional form of BEM approaches is questionable. 

Tran and Kim [43] performed a CFD simulation to support this doubt. They used a dynamic 

mesh approach mesh for assessing the effects of periodic pitching motion of a FOWT. The 

effects of vortexïwakeïblade interaction were investigated using three numerical methods, i.e., 

UBEM, FAST with BEM, and GDW (FASTôs AeroDyn with the general dynamic wake 

modeling). The result could be compared to two different regions. In the case of only small 

pitching motion amplitude, i.e., in the range of 1ï2°, the obtained predictions of BEM model 

regarding produced power and thrust showed overall good agreement with CFD. On the other 

side, for a higher range of pitching motion amplitude, the BEM model produced results with 

lower accuracy than CFD, e.g., FAST-GDW showed a difference of 24% compared to CFD in 

power estimation at pitching motion amplitude of 4°. According to the authors, the 

conventional form of UBEM is not able to provide sufficiently flawless results in the case of 

pitching motions are significant. 

Experimental studies: 

Several wind turbines experiments have been carried out, mainly categorized as wind-tunnel 

experiments and field experiments. While wind-tunnel experiments are mainly performed to 

study airflow around wind turbines in freestream (uniform and nearly laminar) inflow [61], the 

aim of field experiments are mainly to provide an insight into how the atmospheric turbulence 

affects the structure and dynamics of the flow in wind farms [25]. During the recent decade, 

some studies were performed to investigate the interaction between turbulent boundary-layer 

flows and wind turbines or farms [62ï65]. The valuable data obtained from this research 

demonstrate the important differences between the flow structure of turbine wakes in 

boundary-layer flows concerning those in freestream flows.  
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The measurement of turbulent flow around wind was limited to using anemometers mounted 

on meteorological towers to characterize wind-turbine wake flows (e.g., Duckworth and 

Barthelmie [66]). Recent works have attempted to overcome this limitation by employing 

remote sensing technologies, such as scanning wind lidars  (e.g., Bodini et al. [67]; Fuertes 

et al. [68]) and radars (e.g., Hirth et al. [69,70]). This helps having a better insight into the 

effect of atmospheric turbulence on the structure and dynamics of the flow around wind 

turbines and wind farms. 

Hybrid BE T-CFD 

In FOWTs, the pitch and other wind turbine movements can considerably affect the flow 

field around blades. Hence, an accurate prediction of unsteady aerodynamic loads calculated 

by the conventional form of BEM approaches is debatable for a FOWT. 

Despite the fact that simulation of the flow field is vital for capturing meaningful wake 

characteristics, experimental measurements, fully blade-resolved CFD, either using URANS 

or hybrid URANS-LES are computationally expensive and often impossible to use in a 

multirotor wind farm. To overcome this shortcoming, hybrid analytical-computational models 

could reduce the computational cost order to help fill the knowledge gap about the flow field 

[71]. 

Recently novel approaches combine analytical and computational methods. CFD as a 

computational method solves the flow field, and the effect of rotational turbine on the flow 

field is calculated using an analytical method such as Blade Element Theory (BET). Actuator 

Line (AL) or Actuator Disc (AD) are among the novel approaches that use CFD for flow field 

simulation. In these approaches, BET is used to calculate the loads on the flow, and then it can 

be applied by means of a source term in the momentum equation. The loads in the AD case are 

distributed over all the cells in the disc representing the turbine rotor, and for the AL, the loads 

are applied at the location of blade elements.  

Actuator disk, actuator line, or blade element disk are among hybrid methods that introduce 

considerably higher physical fidelity compared to BEM. These methods are often referred to 

as ñCFD-based computational-efficientò (CFD-CE) models; in fact, contrary to BEM methods, 

CFD-CE does not rely on BEM theory for calculating the induced velocity field at rotor disk. 

In these methods, flow velocities are incorporated from the flow solution provided by CFD. 

Among the mentioned CFD-CE models, the Actuator disk model is more straightforward in 
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terms of set-up; nevertheless, it is not capable of considering swirl in the wake. The blade 

element disk approach can predict swirl, although the swirl effect is circumferentially averaged, 

and the method is not able to capture tip vortex formation [72].  Finally, the actuator line model 

provides the means to resolve the tip vortex and the corkscrew wake pattern. Accordingly, the 

AL model is by far one of the most promising approaches to accurately predict the wake 

behavior while maintaining a relatively cheaper computational effort compared to the blade-

resolved approaches.  

In the developed actuator line model by N. Troldborg et al. [73,74], a rotating line of 

momentum sources is utilized in lieu of each of the blades. Although the fundamental 

formulation of ALM is already disclosed, there are still some challenges in choosing its 

constitutional working parameters, such as the radius of the body-force projection function (Ů), 

the grid spacing along the actuator line (ȹgrid), and the spacing between actuator points (ȹb)  

which are of most critical ALM parameters.  

There is no solid agreement on the projection function because, from one point of view, the 

radius should be as short as feasible to have a compact representation of force distribution 

along the blades. From the other point of view, the force distributed region needs to be in 

proportion to the real region of force on the blade  [26]. As suggested by Troldborg [26], 

Ů/ȹgrid=2 can be considered as a compromise between stability and accuracy. Regarding the 

parameter ȹgrid, 30 to 60 grid points along each actuator line and ȹb꜡Ò꜡ȹgrid were suggested to 

be considered. An ALM simulation performed by Martínez et al. [75] showed that their model 

was very sensitive to the Gaussian radius Ů in a manner that increased this parameter directed 

to overprediction of power.  A study by Jha et al. [76] showed that a constant Gaussian radius 

Ů along the blade leads to overprediction of blade tip loads. A tip-loss function is required to 

deal with this problem, for instance, the Prandtl tip-loss factor [26] or the more advanced 

correction offered by Shen et al. [77]. Mart²nez Tossas et al. [78] reformulated the filtered 

lifting line theory to utilize a kernel larger than the optimal value, which was advantageous in 

LES simulations.  

Rocchio et al. [79] tried to calibrate the ALM parameters utilizing the data obtained from 

the immersed boundaries method to make their simulation practical for the turbulence wake 

downstream of a single fixed airfoil. It was showed a considerable boundary layer separation 

occurs for high angle of attacks, while Ů/c was a function of the angle of attack, which could 

be incorporated by relating Ů/c to CD [80]. There are also some other studies devoted to define 
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appropriate parameters for ALM [75,81,82]. In a study by Mart²nez Tossas et al. [83], they 

coupled actuator line and disk modeling with LES (Large-Eddy simulations); However, their 

model did not treat tip loss or downwash effects. 

Creech et al. [84] employed the LES actuator line model in order to investigate the effect of 

support structures in a tidal turbine with contra-rotating rotors. It was shown that with 

disregarding support structures, the result of numerical model is doubtful for the interrelated 

perspectives of turbine reliability, performance, and fluid dynamics.  

A hydrofoil tip loss correction technique was introduced by Edmunds et al. [85]. By 

comparing their result against the IFREMER tidal turbine experiments [86], an improvement 

in the accuracy of the model was established. Wimshurst et al. [87] researched the application 

of the data from the 3D blade resolved computations in correcting and modifying the spanwise 

loading correction factor in Shen et al.ôs [88] tip loss functions. In a further study [89], the tip 

correction factor recalibrated individually in the axial and tangential directions for the 

MEXICO rotor data. Furthermore,  they also employed blade-resolved computations to deliver 

a physical explanation of the tip loss effect [90].  Also, in 2018, they contrasted the results of 

four LES codes with the implementation of ALM. The authors indicated the status of the inflow 

turbulence that should be considered and characterized based on the real field condition [91].  

1.4 Summary and status 

Despite several benefits of the 3D blade resolved computations in terms of accuracy, its 

computational cost is a barrier. While the published papers on ALM are mostly focused on 

fixed bottom wind turbines, there is a lack of sources in which investigate the capabilities of 

the ALM in the simulation of FOWTs. In view of the above, the primary aim of the present 

work is to employ an ALM-CFD simulation to investigate the effects of the platform motions 

on the wake evolution as well as the aerodynamic performance of FOWTs. Since the ALM-

CFD is not considered a high-fidelity method, this paper shows the abilities and limitations of 

this method that helps researchers to avoid the higher computational cost of blade resolved 

CFD according to their needs. An OpenFOAM library is developed to implement the ALM 

model in floating conditions.  



Introduction 

 

18 

 

1.5 Present work 

The structure of this thesis is organized as follows. In section 2, the detail of governing 

equations for the OpenFOAM flow solver, the coupled ALM, and the turbine movement 

equations are presented. In section 3 first two fixed test cases are reported to validate the 

method. Then an unsteady aerodynamic analysis of three-dimensional rotating blades of the 5-

MW floating offshore wind turbine is studied using the developed ALM code to examine the 

effects of the surging and pitching degrees-of-freedom (DOF) motions of the support platform. 

The ability of the model in the study of yaw misalignment is investigated, and finally, a FOWT 

with multi DoF movement is studied. It is then concluded with a summary to highlight the main 

conclusion.



 

 

2. Computational model  

 

 

 

In this project, an actuator line model for the study of floating offshore wind turbines was 

developed. A dedicated C++ library was implemented in OpenFOAM (Open Fields Operation 

and Manipulation) toolbox for this aim. OpenFOAM package is a set of C++ libraries that are 

developed to solve partial differential equations. In the developed library in this study, a body 

forces approach was applied in the flow solver to model the solid moving parts. The forces of 

turbine parts, including blades, hub, and tower forces, were computed based on their lift and 

drag forces in a Cartesian frame connected to the rotor. In the following section, the Actuator 

Line Model employed to model body forces is first introduced, and then the flow solver is 

described. The models applied for consideration of dynamic stall and tip vortex effects are also 

described, and then the turbine model is presented. 

2.1 fvOptions 

During the recent decades, tremendous growth has been seen in the application of CFD in 

the industry. A growing amount of funds has been invested in developing different CFD codes. 

As a negative aspect, a significant amount of money and time has been spent on redeveloping 

these codes. As the most famous open-source CFD code, OpenFOAM can lead to the more 

efficient development of CFD. This study aimed to implement the ALM into OpenFOAM by 

the development of the nonexistent libraries. There is a functionality in OpenFOAM named 

fvOptions, a flexible framework that allows developers to add various source terms to the 

governing equations. This development can be manipulated at run time without a need to 
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rewrite the original source code. In the following, the flowchart for coupling is demonstrated 

in Figure 3. The left side of this flowchart is the part handled by the already developed 

OpenFOAM libraries, while on the right half, the main functions of the developed libraries in 

the current project are illustrated. Coupling the right and left of this flowchart is performed 

through the fvOptions framework. 

 

Figure 3. Flowchart for coupling the OpenFOAM solver with the developed ALM libraries. 

Many CFD applications include equation structures that should be manipulated at run time 

using user-specified finite volume options, given by the shorthand fvOptions. The fvOptions 

is a framework introduced to allow selecting any physics that can be represented as sources or 

constraints on the governing equations, e.g., porous media, MRF, and body forces. Figure 4 

shows how it provides additional source/sink terms or enforces constraints for the momentum 

equation. All other transport equations, including turbulence equations, can be modified in a 
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similar way. Hence, the developed code provides the source term to be injected into the 

OpenFOAM source through the fvOptions framework. 

 

Figure 4. A part of OpenFOAM solver code that includes fvOptions 

2.2 Actuator Line Model (ALM)  

The fundamental philosophy of the actuator line methodology is to substitute the physical 

geometry of the blades with only its impact on the flow field. The ALM uses a chain of 

spanwise element points in place of sections, each with a constant airfoil, twist, chord, and 

oncoming wind. The volumetric forces made by each blade section are projected into the flow 

field, whereby it inserts the same forces on the fluid as the turbine blades through source terms 

in the momentum equations. The aerodynamic forces of blades are calculated based on lift and 

drag coefficients that are usually obtained from tabulated airfoil data. These forces are 

formulated as follow:  

Ὂ ὅ‌”Ὗᴆ ὧύὩǶ (1) 

Ὂ ὅ ‌”Ὗᴆ ὧύὩǶ (2) 

here ‌ denotes the local angle of attack measured as the angle between the chord and the 

local relative flow, ὅ is the lift coefficient, ὅ is the drag coefficient that are obtained from 
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tabulated airfoil data. The lift and drag coefficients can be interpolated linearly for the local 

Reynolds number. Here, Ὗᴆ  indicates the relative velocity, resulting from inflow velocity (Ὗᴆ) 

and the element velocity (Ὗᴆ). Rotation of the rotor and motion of the platform are involved in 

the element velocity. 

Ὗᴆ Ὗᴆ Ὗᴆ (3) 

Ὗᴆ Ὗᴆ  Ὗᴆ   

The inflow velocity was sampled at the element point (i.e., the applied Gaussian force 

center) in the early forms of actuator line modeling. Nonetheless, such gaussian forces could 

create a bound vortex around the actuator line element point as the vortex center was on the 

actuator line. In case the velocity is sampled at the element point, the inflow velocity might not 

be influenced by the vortex-induced vorticity [92]. Some studies, including Mittal et al. [93] 

and Churchfield et al. [92], proposed that the location of velocity sampling should be moved 

ahead of the actuator line. In the current project, to address the problem of uncertain velocity 

sampling location, the inflow velocity (Ὗᴆ) was averaged over a series of sampling points in 

the identical spanwise section with a sampling radius away from the element point. Hence, a 

total number of 16 sampling points were determined at a distance equal to ςЎὼ  from the 

location of elements to interpolate from the velocity field resolved by CFD. Considering the 

cell center value for the sampling point leads to error hence an interpolation is vital. The flow 

velocity at each sampling point is determined using OpenFOAMôs interpolationCellPoint 

class, which provides a linear weighted interpolation to an arbitrary location within a cell. Once 

the cell of the sampling point is determined, the cellPoint method, works by breaking each face 

down into triangles, forming tetrahedrons composed of these triangles and the cell center point, 

determining which tetrahedra encloses the sampling point, and performing linear interpolation 

using inverse distance weights. Once the inflow velocity (Ὗᴆ) is obtained, the  Ὗᴆ  is calculated 

based on equation (3). Determining the relative velocity, the attack angle is calculated as 

follow: 

‌ ÓÉÎὴὰὥὲὪέὶάὔέὶάὥὰᴆϽὟᴆ Ὗᴆ  (4) 

In ALM, forces are inserted along a one-dimensional line. In this regard, the most 

straightforward way is to apply the forces in only cells through which the actuator line passes. 

Nevertheless, making such sharp input steps of force can generate numerical instability. 
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Furthermore, given that the actual forces generated by airfoils are not focused at a point and 

spread over the surface, the previous approach is not physically realistic.  

A 3D isotropic Gaussian function for force projection was proposed by Sørensen and Shen 

[94]. Based on their suggestion, the aerodynamic forces are calculated and then smoothly 

projected onto the flow field using a Gaussian function as follows:  

╕ ὼȟώȟᾀȟὸ Ὂᴆȟ ὼȟȟώȟȟᾀȟȟὸὪ –ȟ 
(5) 

–
ρ

‐“ϳ
 ÅØÐὶ‐ϳ  

(6) 

where ╕  is the volumetric force field at the position of the cells, Ὢ  is tip correction 

function, and Ὂᴆ indicates the forces at actuator element points that are calculated based on lift 

and drag forces. Also, ὔ is the body index (i.e., blades, hub, and tower), and Ὡ denotes the 

actuator element point index.  

The Gaussian function is represented by –, while ‐ is the projection width, and ὶ is a distance 

from the actuator point to the grid cell center where the force projection is applied. The 

parameter ╕  should be added as the source term into the momentum equation through 

ὛfvOptions whereby the spread sectional force of each element is implemented using the  Gaussian 

distribution as additional body force at each cell. Deciding on the width of the Gaussian 

function is still an area that requires to be studied more. In this regard, some research has been 

performed that included research by Jha et al. [26], Martinez-Tossas et al. [80], and Churchfield 

et al. [92]. From one point of view, as ‐ becomes smaller, the actuator line resembles a line and 

the results approach reality, on the other side it must be large enough compared to the grids to 

preserve numerical stability. Besides, it is known that a blade conforming to ‐Ⱦὧ  constant 

yields improved results. In the current model, the width of the Gaussian function is controlled 

by ‐ as the following: 

‐
ὧ

τ
 (7) 

‐
ὧὅ

ς
 

(8) 

‐ τ ὠ  (9) 
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‐ ÍÁØ‐ȟ‐ȟ‐  (10) 

Utilizing a gaussian function leads to having a negligible value even at far distances. The 

maximum value of ὶ in Eq. (6) that is the radius of the projection sphere is limited, and its 

maximum is calculated as follows:  

ὶ ‐ÌÏÇ
ρ

πȢππρ
ὧ 

(11) 

Consequently, the modification of force field is only accomplished for cells inside the 

projection sphere. This approach is a practical technique in order to decrease the computational 

cost. 

It is known that while approaching the tip of the blades, the averaged induced velocity 

between two vortex sheets should tend to zero exponentially. In other words, the flow shows 

the tip effect caused by the pressure equalization from the suction and pressure sides in the 

blade tip cross-section. Furthermore, there are rotational effects that are due to Coriolis and 

centrifugal forces, particularly for cross-sections near the blade root. Unlike the BEM, the 

ALM can capture these phenomena to some extent. However, it requires a high resolution grids 

[95,96]. According to Shen [97], in ALM, the airfoil data obtained directly from 2D 

measurements or computations need to be corrected for rotational effects and  the pressure 

equalization. Consequently, the tip flow is different from the corresponding 2D flow at the 

same angle of attack. Hence a modification is necessary to take these effects into account and 

Ὂ function is applied to the 2D airfoil's lift and drag coefficients [98]. 

ὅ Ὂὅ  

ὅ Ὂὅ  

Ὂ
ς

“
ὥὶὧὧέίὩὼὴὫ

ὄ Ὑ  ὶ

ς ὶ ίὭὲ‌ ‍
 

(12) 

Here ‍ is pitch angle that includes blade pitch and twist. The Ὣ coefficient depends on 

different parameters such as the number of blades, TSR (‗), and chord distribution. For 

simplicity, the function is chosen to be only dependent on the variable ὄ‗ as follows: 

Ὣ Ὡὼὴ ὅ ὄ‗  ὅ πȢρ (13) 
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Coefficients ὅand ὅ were determined empirically using data at two different tip speed 

ratios (NREL rotor at 10 m/s and WG 500 rotor at TSR=14) [77]. The function is shifted with 

a minor value of 0.1 to be consistent for infinite tip speed ratio cases or an infinite number of 

blades. The final form uses ὅand ὅ whose values are 0.125 and 21, respectively. Function Ὣ 

is needed to adjust the influence of the tip vortices on pressure distribution in the blade tip 

region [98]. Although Shenôs tip correction is not an ideal physical model for ALM application, 

it relived a promising result for ALM applications according to the references [89,98ï103]. 

The determination of the linear and angular velocity vector can be achieved using either a 

prescribed movement or the acting forces and moments on the turbine. Likewise, the position 

and orientation of the rotating center need to be determined. Subsequently, all elements are 

updated at each time step as follows: 

ὼᴆȢȢ ὼᴆȢȢ ὺᴆȢȢЎὸ (14) 

—ᴆȢȢ —ᴆȢȢ  ᴆȢȢῳὸ (15) 

here ὼᴆȢȢ is the position of the rotating center of the floating wind turbine structure, and its 

orientation is denoted by —ᴆȢȢ. In this equation, ὺᴆȢȢ and  ᴆȢȢ denote the instantaneous linear 

and angular velocities of the whole turbine structure around the rotating center, respectively. 

When the position of the new-calculated rotation center is determined, elements position and 

orientation are updated utilizing a rotation matrix from axis-angle representation. Vector ὢᴆ in 

Figure 5 represents the current element position relative to the rotating center. The rotation of 

ὢᴆ for a finite rotation angle of Ў—  ᴆЎὸ around the axis of  ᴆ is expressed by the following 

equation: 

ὼᴆ ὼᴆ Ўὼᴆ (16) 

Ўὼᴆ ȿὼᴆ ὼᴆȢȢȿÃÏÓЎ— ρὩǶ ÓÉÎЎ—ὩǶ (17) 

The unit vectors ὩǶ and ὩǶ are defined as: 

ὩǶ
 ᴆȢȢ ὼᴆ

 ᴆȢȢ ὼᴆ
           ὩǶ

ὩǶ  ᴆȢȢ

ὩǶ  ᴆȢȢ
 

(18) 
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Figure 5. Solid-body rotation coordinates 

The rotation is applied using Ὑ•ȟό rotation matrix that is introduced in Eq. (19). The 

shorthand notations of  Ὓ ÓÉÎ•, ὅ ὧέί• and ὠ ρ ÃÏÓ•, are applied. 

Ὑ•ȟό

ὅ όὠ όόὠ όὛ όόὠ όὛ

όόὠ όὛ ὅ όὠ όόὠ όὛ

όόὠ όὛ όόὠ όὛ ὅ όὠ

 

(19) 

 The same procedure is applied for all other vectors that need to be rotated, e.g., ‫ᴆ. Along 

with rotations, the translation of elements is achieved just after updating the rotation center, 

which can be expressed as: 

ὼᴆ ὼᴆ ὺᴆȢȢЎὸ  (20) 

2.3 Dynamic stall model 

This study utilizes the modified LeishmanïBeddoes dynamic stall (LB-DS) model by Sheng 

et al. [14]. Since the LB-DS model was proposed initially for the helicopter applications [104], 

Sheng modified it to agree with HAWTs applications. In this setting, flow is typically 

incompressible, and airfoils are considered relatively thick. The main principles of the 

mentioned model are described in this section. More details are available in the references 

[105,106]. The LB-based models contain the unsteady attached flow, stall onset, and separated 

flow. The air loads for the attached flow include impulsive and circulatory modules. The total 

ὢᴆȢȢ 

 ᴆȢȢ 

ὢᴆ ὢ
ᴆ  

ὩǶ 
ὩǶ 

ῳὼᴆ 
ῳ— 
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normal force coefficient in the unsteady attached flow condition is equal to the sum of 

circulatory and impulsive normal force coefficient [106]: 

ὅ ὅ ὅ  (21) 

ὅ  Ὄ  (22) 

ὅ ὅ ‌  (23) 

where Ὄ  is a deficiency function defined based on the LB 3G model [107]. ὅ  is the 

normal-force curve slope, and ‌  is an equivalent of incidence calculated by the geometrical 

angle of attack (‌ ) and three deficiency functions of ὢ , ὣ and ὤ.  

‌ ‌ ὢ ὣ ὤ (24) 

The deficiency functions of ὢ , ὣ, and ὤ are driven empirically based on the flow velocity 

and pitch rate. Furthermore, a lag is existed due to leading-edge pressure and boundary layer 

development, which is implemented through applying a first-order lag to ‌ : 

‌ ‌ Ὀ   (25) 

here ‌  is the delayed angle of attack, and the deficiency function Ὀ  is defined as follows 

[106]: 

Ὀ Ὀ ÅØÐ
Ў

‌ ‌ Ὡὼὴ
Ў

  (26) 

where Ὕ is a time constant related to pressure response, and it is principally independent of 

the airfoil geometry. The non-dimensional time step (Ўί) is defined as: 

Ўί
Ў

  (27) 

Sheng defined a stall-onset criterion for the angle that the dynamic stall is possible to begin. 

This criterion considers a reduced pitch rate [106]. 

‌ ‌ ᴼ ίὸὥὰὰ  (28) 

‌
‌

‌ ‌ ‌        
(29) 

The following equation expresses the reduced pitch rate: 
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ὶ   (30) 

The separated flow solution includes two indicial responses: trailingðedge separation and 

leading-edge vortex shedding. The trailing-edge separation module is linked to non-linear 

effects of trailing edge flow separation using a dimensionless separation point parameter. This 

parameter is achieved by Kirchhoff flow approximation in unsteady conditions. It is described 

as follows [106]: 

Ὢ
ρ πȢτ ÅØÐ

πȢπςπȢυψ ÅØÐ
  

(31) 

where ‌, Ὓ, and Ὓ are constants that vary with the Reynolds number. In addition to the 

pressure response delay, boundary layer (viscous) lag is formulated as follows [106]: 

Ὢ Ὢ Ὀ   (32) 

where Ὀ  is the deficiency function, and it is defined as follows [106]: 

Ὀ Ὀ ÅØÐ
Ў

Ὢ Ὢ ÅØÐ
Ў

  
(33) 

where Ὕ is a time constant, which depends on the Mach number.  

The normal force coefficient for dynamic separation point is superimposed with impulsive 

loading as the following [106]: 

ὅ ὅ ‌ ὅ   

(34) 

An additional overshoot is exited in the normal force during vortex shedding. The vortex-

induced normal force coefficient is expressed as equation (35) [106]: 

ὅ ὄ Ὢ Ὢ ὠ  (35) 

here Ὢ  and Ὢ are the dynamic and static separation points, respectively. ὠ is a modulation 

parameter given by a periodic function that incorporates the track of the concentrated vorticity 

location. The above equation increases the vortex lift only in the case that the leading-edge 

vortex (LEV) starts convection over the suction side. 



Computational model 

 

29 

 

The total normal force coefficient is obtained by superposition of the loadings as follows 

[106]: 

ὅ ὅ ὅ   (36) 

The chordwise force coefficient, pitching moment coefficient, and constants are considered 

based on the Sheng guidelines [105,106].  

2.4 Definitions 

The non-dimensional parameters of the tip speed ratio (‗), power coefficient (ὅ), and thrust 

coefficient (ὅ) are defined as the following equations: 

‗ ‫ὙȾὟ  (37) 

ὅ
ὖ В ВὊ‏‫ὶ

 
(38) 

ὅ
Ὂ В В‏Ὂ

 
(39) 

where ὃ is the rotor swept area, P denotes the produced power from the product of the radius 

and the tangential force (ὶὊ), and Ὂ is the axial force acting on the rotor.  

2.5 Governing equations 

The finite volume method (FVM) was employed to compute the turbulent flow field around 

the wind turbine. The three-dimensional Reynolds-averaged NavierïStokes equations (RANS) 

are formulated as follows [108]: 

‬”

‬ὸ

‬

‬ὼ
”ό π 

(40) 

”ό ”όό ‘ ‏ ”όǲόǲ

ὛὯ ὛfvOptions  

(41) 

The Reynolds stress term (”όǲόǲ) was modeled based on the Boussinesq hypothesis 

according to Eq. (42), whereby the Reynolds stresses are concerned with the mean velocity 

gradients. 
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”όǲόǲ ‘
‬ό

‬ὼ

‬ό

‬ὼ

ς

σ
”Ὧ ‘

‬ό

‬ὼ
‏  

‘ ”’ ”ὅ
Ὧ

‭
 

(42) 

The URANS approach is widely used to study wind turbine and wind-farm flows [25,109]. 

While LES can deliver more reliable results, it involves finer mesh and computational costs 

[25]. Given that the main idea behind utilizingof ALM in this project is decreasing 

computational cost, the commonly used high Reynolds number model of Ὧ ‭ realizable with 

its standard turbulent constants [110] was chosen. It is noteworthy because there is no solid 

part while using ALM, the simulation of boundary layer and accurate prediction of the 

transition onset on blades is not required [111]. 

Compared to the standard model, the realizable model includes an alternative formulation 

for the turbulent viscosity. Moreover, a modified transport equation for the dissipation rate has 

been derived from an exact equation for the transport of the mean-square vorticity fluctuation. 

The realizable model has shown substantial improvements over the standard model in the 

existence of strong streamline curvature, vortices, and rotation. In computational domains that 

contain both rotating and stationary fluid zones (for example, multiple reference frames, 

rotating sliding meshes), this model might produce non-physical turbulent viscosities. 

However, in ALM, there is just one stationary fluid zone. Transport equations for ‭ and Ὧ are 

[112]: 

Ὀ

Ὀὸ
”Ὧ ẗɳ”װὈ Ὧɳ Ὃװ”

ς

σ
” ẗɳװ◊Ὧ ”‭Ὓ ὛfvOptions 

(43) 

Ὀ

Ὀὸ
”‭ ẗɳ”װὈ‭ɳװ‭ ὅ”ȿ╢ȿ‭ ὅ”

‭

Ὧ ’‭πȢυ
Ὓ‭ ὛfvOptions 

(44) 

In sum, The finite-volume method was utilized for solving the governing equations. The 

incompressible flow approximation was assumed since the concerned Mach number values 

remained below 0.1 (conventionally, a Mach number below 0.3 stands for incompressible 

flow). A second-order CrankïNicolson method was applied for time integration for the 

temporal discretization. 

Terms ὛfvOptions in momentum, turbulent kinetic energy, and turbulent kinetic energy 

dissipation rate equations are calculated by the developed ALM C++ library. The PIMPLE 
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algorithm was employed for pressure-velocity coupling. This algorithm is a combination of 

SIMPLE and PISO algorithms. The matrices are solved by selecting the generalized geometric-

algebraic multigrid (GAMG) for pressure and a preconditioned bi-conjugated gradient 

(PBiCG) for velocity [108]. 

2.6 Geometric model: 

This study aimed to use the actuator line model proposed by Troldborg et al. [74,113] for 

more general use and preventing case sensitivity. The verification of the current code was 

carried out for fixed-bottom turbines that help to avoid platform motion effects and parasites. 

Two separate test cases were investigated in the following. Given that the accuracy of the ALM 

depends on the reliability of input data, NREL Phase VI ï  having adequate data ï was chosen. 

In conjunction with this small-size turbine, the NREL 5-MW was also studied being 

representative of a large-size wind turbine.  

The National Renewable Energy Laboratory (NREL) Phase VI reference wind turbine was 

modeled based on the test sequence S settings represented in reference [114]. In this sequence, 

an upwind, rigid turbine with a 0° cone angle was utilized, and the test was applied for wind 

speed, ranging from 5 m/s to 25 m/s. This case is based on a constant speed, constant pitch, 

and stall-regulated wind turbine. The rotor is a two-bladed rotor with twisted, tapered blades 

and shaped based on the S809 airfoil [115,116]. The main characteristics of the turbine are 

summarized in Table 1. The chord and twist distributions are demonstrated in Figure 6.  

Table 2: The NREL Phase VI technical data and sequence S settings [22]. 

Parameter   Parameter  

Rotor configuration Upwind  Rotating angular velocity  71.63 [rpm] 

Number of blades 2  Tip pitch angle 3 [°] 

Rotor radius 5.029 [m]  Air density 1.23 [kg/m3] 

Hub height 12.2 [m]  Air kinematic viscosity 1.46e-5 [m2/s] 

Cone angle 0 [°]  Blade sectional profiles S809 
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Figure 6: Representations of the blade. (a) S809 airfoil shape. (b) blade shape. (c) Spanwise 

distributions for twist and chord of the NREL Phase VI blade [114]. 

The NREL 5-MW wind turbine was designed by the National Renewable Energy 

Laboratory to be a representative utility-scale wind turbine suitable for a floating offshore 

installation. This is a conventional three-blade upwind turbine with a rotor diameter of about 

126 m and a hub height of nearly 90 m. The blades are composed of a series of Delft University 

(DU) and NACA 64xxx airfoils, as shown in Figure 7 and Table 3. This turbine is designed as 

a variable-speed variable-blade-pitch-to-feather-controlled turbine. The rated wind speed is 
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11.4 m/s, and under the rated wind speed, the rotor speed is 12.1 rpm, and the produced power 

is 5 MW.  

Table 3. Blade data for the NREL 5MW reference turbine 

Radius 

[m] 

Chord 

[m] 

Twist 

[°]  

Axial Distance 

[m] 

Azimuth Distance 

[m] 

Airfoil  

1.5 3.542 13.308 0.000E+00 0.000E+00 Cylinder1 

2.8667 3.542 13.308 8.153E-04 3.447E-03 Cylinder1 

5.6 3.854 13.308 2.484E-02 1.050E-01 Cylinder1 

8.3333 4.167 13.308 5.947E-02 2.514E-01 Cylinder2 

11.75 4.557 13.308 1.091E-01 4.612E-01 DU40_A17 

15.85 4.652 11.48 1.157E-01 5.699E-01 DU35_A17 

19.95 4.458 10.162 9.832E-02 5.485E-01 DU35_A17 

24.05 4.249 9.011 8.319E-02 5.246E-01 DU30_A17 

28.15 4.007 7.795 6.793E-02 4.962E-01 DU25_A17 

32.25 3.748 6.544 5.339E-02 4.654E-01 DU25_A17 

36.35 3.502 5.361 4.090E-02 4.358E-01 DU21_A17 

40.45 3.256 4.188 2.972E-02 4.059E-01 DU21_A17 

44.55 3.01 3.125 2.051E-02 3.757E-01 NACA64_A17 

48.65 2.764 2.319 1.398E-02 3.452E-01 NACA64_A17 

52.75 2.518 1.526 8.382E-03 3.146E-01 NACA64_A17 

56.1667 2.313 0.863 4.355E-03 2.891E-01 NACA64_A17 

58.9 2.086 0.37 1.684E-03 2.607E-01 NACA64_A17 

61.6333 1.419 0.106 3.282E-04 1.774E-01 NACA64_A17 

63 0.5 0 3.282E-04 1.774E-01 NACA64_A17 
 

 

Figure 7. NREL 5 MW Chord and twist design. 

Table 4 shows the NREL 5MW wind turbine properties, and the rotational speed and tip 

pitch angles used for the NREL5MW baseline are listed in Table 5.  
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Table 4. Properties of NREL 5MW wind turbine 

Parameter Value Parameter Value 
Rotor configuration Upwind Power Output 5 MW 

Number of blades 3 Cut-in wind speed 3 m/s 

Rotor diameter 126 [m] Rated wind speed 11.4 m/s 

Hub height 90 [m] Cut out wind speed 25 m/s 

Rotor Mass 53220 kg Rated Tip Speed 80 m/s 

Air density 1.23 [kg/m3] Cut-in rotor speed 6.9 rpm 

Air kinematic viscosity 1.46e-5 [m2/s] Rated rotor speed 12.1 rpm 

Blade sectional profiles DU and NACA series  OverhangðShaft TiltðPrecone 5mð5Ǔð2.5Ǔ 

 

Table 5. Simulation condition for NREL5MW baseline 

Wind Speed 

[m/s] 

Rotor Speed 

[rpm] 

Tip speed ratio 

[-] 

Tip pitch angle 

[Á] 
6 7.92 8.71 0 

8 9.16 7.55 0 

11.2 12.1 7.1275 0 

15 12.1 5.32 10.45 

20 12.1 3.99 17.47 

25 12.1 3.19 23.47 



 

 

3. Results and discussion 

 

 

 

This section uses the developed actuator line model to study floating offshore wind turbines. 

After verifying the results and comparing the result with available data in the literature, 

different movements of an offshore floating wind turbine will be investigated. 

3.1 Verification and Validation.  

The computational domain in this study is in a Cartesian coordinate system. The cuboid 

computational domain consists of non-conformal hexahedral (cubic) grids, as shown in Figure 

9. This type of mesh makes local refinement possible in the areas of interest that can 

significantly reduce the computational resources required for the simulation. The boundary 

conditions for the wind turbine simulation are expressed in Figure 9-a. A uniform freestream 

velocity boundary was applied for the inlet condition. The inlet velocity magnitude was set to 

the examined velocity at the NREL experiment [114], and the direction was set in the X-

direction. A pressure outlet boundary condition was set for the outlet condition, and the 

reference pressure was considered the standard atmospheric pressure. Consequently, the 

dynamic pressure field is determined considering this condition. The no-slip boundary 

conditions were applied for the two lateral walls, the base and the upper side of the domain. 

The turbulentKE=0.00375 and turbulentEpsilon=7.54673e-5 were considered. 

The verification examinations for domain size, mesh resolution, and time step size are 

described in the following for the NREL PhaseVI case at a wind speed of 7 m/s and tip speed 

ratio (TSR) of 5.4. Prior to any data sampling, the number of time steps necessary for a 
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converged solution was revealed. In Figure 8, the time history of the power coefficient (ὅ) 

and power coefficient change relative to the last rotor revolution (Ўὅ/ὅȟ ) were plotted for 

the first 30 revolutions of the rotor on normal and logarithmic scales of revolutions, 

respectively. Following 20 revolutions, the difference between two consecutive revolutions 

was less than 0.3% and the value of Ўὅ declined below 1%. Instantaneous values presented 

in this work is corresponded to the last revolution (revolution 20), while average values were 

calculated over the last five revolutions. 

 

Figure 8. History of averaged power coefficients (a) and its change relative to the last revolution 

of the turbine on log-scale (b) vs. the number of revolutions. 

The study of NREL Phase VI was simulated by considering a domain that is geometrically 

similar to the wind tunnel used in reference [114]. Accordingly, the height and width of the 

domain section were set to 36.6m and 24.4m. Due to the selected outlet boundary condition 

and inlet boundary condition, the impact of upwind and downwind distances (Ὠ, Ὠ) on the 
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produced power of wind turbine was investigated as described in Table 6. This assessment was 

carried out at the wind speed equal to 7m/s. The domain length was extended according to 

Table 6, and the mesh size was kept the same. The data were compared with the most extended 

domain (case 7). The results showed that for cases longer than case 1, the difference was less 

than 0.1%. A compromise was achieved between accuracy and computational cost, and 

therefore case 2 was selected for this study. 
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Figure 9: (a) A schematic view for the computational domain and boundary conditions. (b) The 

computational grid from the front view, the section is on the rotor. (c) The computational grid from 

the side view, the section is on the tower axis. 
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Table 6: Test matrix for the sensitivity study of the domain size.  

Case # Distance to 

the inlet Ὠ 

Distance to 

the outlet Ὠ 

Domain Size 

ὡ Ὄ ὒ 

# Cells ὅ/ὅ  

1 1.5 7.5 79 395k 1.0140 

2 2.5 7.5 88 400 1.0033 

3 4.5 7.5 106 409k 1.0021 

4 8.5 7.5 141 427k 1.0014 

5 2.5 5 66 389k 1.0139 

6 2.5 9 102 407k 1.0031 

7 8.5 9 154 434k 1.0000 

Accordingly, a cuboid of (ρπσ τD was used as the computational domain to simulate 

the NREL Phase VI wind turbine.  

The non-conformal hexahedral (cubic) grids allow the local refinements in areas of interest 

utilizing the adaptive mesh refinement (AMR). It should be noted that AMR could cause a run-

time penalty in executing the refinement and the processor load balance [102]. Because 

phenomena such as wake meandering are present in the flowfield, AMR was used to maintain 

mesh resolution around the helical wake where wake meandering happens. The AMR was 

utilized according to the magnitude of velocity gradient tensor (╜), defined as follows: 

╜ ȿɳἽȿ (45) 

 Ἵɳ ‬ό

‬ό ‬ὼϳ ‬ό ‬ὼϳ ‬ό ‬ὼϳ

‬ό ‬ὼϳ ‬ό ‬ὼϳ ‬ό ‬ὼϳ

‬ό ‬ὼϳ ‬ό ‬ὼϳ ‬ό ‬ὼϳ
 

(46) 

A trial-and-error approach was applied to preserve the distance between a wake iso-surface 

and the third grid region (see Figure 9-c). This refinement handled about 0.5% of the domain 

volume, resulting in less than 1% difference in roto power output and an increase of about 14% 

in the computational time. 

Grid sensitivity analysis was organized in two phases. Firstly, the mesh size near the blades 

was examined. Figure 10 demonstrates the size of the most refined grid near the elements (ȹX). 

It is clear from this plot that the size of grids should be less than 0.25 m in the blade region 

while coarser grids cause an unacceptable error or simulation failure. As the idea behind the 

ALM is reducing the computational cost compared to blade-resolved CFD approaches, a 

second analysis was accomplished to assess the effect of grid size in areas far from the blades. 

The computational domain was divided into four zones to have coarser grids in the far region, 
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shown in Figure 9-c. The examined configurations are listed in Table 7. Based on this plot, 

case D with underlined data was chosen as the optimum case, consisting of around 400,000 

cells. 

 

Figure 10. Mesh independence study near the blades, n is the total number of cells. 

Table 7. Mesh independence study for mesh size [m] in each region 

Case# 
Region 1 

(outer) 

Region 2 

(Wake) 

Region 3 

(turbine) 

Region 4 

(rotor) 
Cp 

A 1 1 1 1 fail 

B 1 1 0.5 0.25 0.44 

C 1 0.5 25 0.25 0.45 

D 1 0.5 0.25 0.125 0.37 

E 1 0.25 0.125 0.125 0.37 

F 0.5 0.5 0.125 0.05 0.368 

The effect of time step size on the produced power coefficient (ὅ) was also assessed. The 

results of the assessment are presented in Table 8. In order to increase the reliability of 

assessment and to avoid missing phenomenon that occurs in short periods, the data are obtained 

for cases with 0° and 30° of yaw angles. This helps to ensure involving phenomenon associated 

with rotor misalignment. The shortest time step with a value of Ў— = 0.216° was considered as 

the reference case. Hence the subscript "ref" refers to case 1. In order to make data comparable, 

the ratio of ὅȾὅ  is plotted in Figure 11. Figure 11 indicates that for time steps smaller 

than Ў—= 0.432°, there was a difference of less than 2% in ὅ compared to the smallest time 

step that investigated. 
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Table 8: Test matrix for the study of Ў—. All sizes are given in turbine diameters (D). 

Case # Ў— [°]  Time steps per 

revolution [-] 

Ўὸ [s] Ὠ [-] Ὠ [-] Domain Size [-] 

ὡ Ὄ ὒ 

1 0.216 1667 0.0005 2 8 88 

2 0.432 833 0.001 2 8 88 

3 0.864 417 0.002 2 8 88 

4 1.728 208 0.004 2 8 88 

5 3.456 104 0.008 2 8 88 

6 6.912 52 0.016 2 8 88 

7 13.824 26 0.032 2 8 88 

 

 

Figure 11: Cp independence study for time steps per revolution. 

3.2 Validation 

Once the independence of results from the numerical factors was verified, the results of 

current code were validated against other methods that are available in the literature. As 

mentioned before, the reason behind choosing the NREL Phase VI test case was the availability 

of adequate experimental data. Hence, the ALM result for this case is compared with the NREL 

experimental data [114] in Figure 12. The power coefficient (ὅ) is represented against TSR 

and the output rotor torque reported as a function of wind speed in order to have a better 

illustration in both high and low TSR regions. Evaluating the power coefficient showed a good 

general agreement with experimental measurements; likewise, the computed aerodynamic 

torque was consistent with the experimental data at the tested wind speeds. 
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Figure 12. Comparison of ALM results of NREL PhaseVI wind turbine with experimental data [114].  

a) Power coefficient for TSR of the bottom-fixed wind turbine; b) torque out for the investigated wind 

speeds. 

The large-size wind turbine, NREL 5-MW case, is studied in Figure 13. This figure assesses 

the capability of the current ALM code in the simulation of large-size offshore wind turbines. 

A domain of 5*5*10D were chosen and the same procedure was accomplished for mesh and 

time step size verification. Accordingly, the coarsest cell size in region one was determined as 

10 [m]. The refined regions were similar to Figure 9, while regions  1 and 2 were expanded 

D/8 in wind direction and opposite in order to cover the most extended surge motion. A time 

step size of 0.86 ° was also determined based on a verification study. Because the experimental 

data for this wind turbine are not available, the results were validated with several methods, 
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including the BEM results obtained using the FAST code from NREL [117], OVERFLOW2 

by Chow et al. [109], Overset by Cheng et al. [118], aeroelastic blade resolved CFD using 

OpenFOAM by Liu et al.[119], OpenFOAM-MRF by Wu et al.[120], and EllipSys3D by 

Sorensen et al. [121] and nonlinear vortex lattice method (NVLM) by Lee et al. [122]. Design 

and simulation parameters were chosen as similar as possible in ALM and FAST simulations. 

Figure 13 indicates that the results of ALM code are in perfect agreement with those reported 

by Chow; thus, the current developed ALM code is not case-dependent and valid for both cases.  

 

Figure 13. Comparison of ALM results with the FAST code and other literature [69,109,118,121,122] 

for NREL 5-MW wind turbine. 
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To evaluate the ALM result in more detail, the calculated angle of attacks and the 

corresponding lift coefficients along a blade are reported in Figure 14 for a high TSR (=7.5) 

and a low TSR (=4) cases. The TSR=7.5 was chosen because the maximum gap between the 

ALM and FAST results was determined at this speed. The attack angle calculated by ALM is 

computed according to the sampled velocity in the resolved flow field as described in the 

preceding section. As expected, the attack angle and consequently the corresponding lift 

coefficient decreases by rising TSR. Assessing the ALM results at TSR= 4 showed a very close 

consistency with the FAST result.  

As it can be seen, there is a sudden rise of ὅ after the root section. A DU40 airfoil used in 

this section that can provide a high lift coefficient at a high attack angle. There is a spanwise 

distance between the maximum values (at rå12) that is due to the different locations of elements 

chosen by the FAST code and the current ALM code. 

While a very close agreement exists for the attack angles, there are slight discrepancies to 

be highlighted. Two minor drops for attack angle are observable at the root (rå12) and tip 

sections (rå60). This is addressed by the tip loss correction model that is used by FAST. It 

should be noted that while the BEM uses the tip loss correction to calculate induced velocity 

factors and subsequently attack angle, the ALM code uses it to correct the lift and drag 

coefficient obtained from tabulated 2D airfoil data. This point also answers why the used ὅ  at 

tip and root is lower than the associated ὅ of FAST. Overall, both approaches should have a 

similar effect on the final results.  

Despite the consistency between the FAST and ALM in the Ŭ plot for TSR=7.5, there is a 

slight overprediction of 1° by ALM at the middle of blade. Due to the steep slope of ὅ - Ŭ plot 

for DU- airfoils, the 1° of difference leads to a noticeable difference between the ὅ selected 

by methods at the middle of blade in for TSR=7.5. However, all the mentioned differences 

result in an acceptable difference as less than 5% for power and less than 3% for the calculated 

thrust. 
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Figure 14. Comparison of ALM results for the NREL 5-MW wind turbine with FAST data. a) 

calculated angle of attack; b) lift coefficient corresponding to the calculated angle of attack 

The main benefit of ALM over the other high-fidelity models is the comparatively low 

computational cost. Therefore, the computational cost for the developed ALM code, a Blade-

resolved RANS simulation [123], and a Blade-resolved LES simulation [124] are compared in 

Table 9. As it can be observed, even using a smaller time step, the ALM code is significantly 

less expensive in terms of computing. It is worth noting that the computational time for 

delivering results using BEM codes such as FAST is in some minutes. Therefore, the point that 

makes ALM favorable over BEM is the shortcoming of BEM in capturing wake geometry, 3D 

inflow distribution, and weakness in skewed flows, yaw condition, and the vortex ring state. 

These occurrences are even more important in floating offshore wind farms than onshore wind 

farms. 
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Table 9. Comparison of the computational cost of the three models  

Model ALM  Blade-resolved 

RANS [123] 

Blade-resolved 

LES [124] 
Number of cells ~ 0.4 *106 8.5*106 11*106 

dɗ [Á] 0.86 2 1 

CPU model Xenon4116-2.1 GHz Xenon4116-2.1 GHz 2.4 GHz 

Core hours / revolution [hr] 0.5 40 266 
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Validation with  floating movements 

In this section, the results of current ALM code in floating conditions are compared with 

the other available literature. Figure 15 shows how the aerodynamic performance of the NREL 

5MW at a wind speed of 11.4 [m/s] and rotor speed of 12.1 [RPM] changes under a prescribed 

platform surge motion with an amplitude of 2 [m] and a period of 12 [s]. The result of the 

current ALM code is compared with FAST v8 and CFD by Liu Et al. [119] and CFD for a rigid 

turbine by Wu et al. [125]. To obtain the ALM result presented in Figure 15, the design and 

simulation parameters were chosen as similar as possible to Liu Et al. [119] and Wu et al. [125]. 

The tower, nacelle, and hub are ignored, and the shaft tilt angle was set to zero.  

The variation of thrust and power were in order of 10% and 20%, respectively. The effect 

of surge motion on the turbine aerodynamics will be discussed more in the following sections, 

and this section is just focused on ALM comparison with other approaches. As it can be seen, 

the trends are well reproduced, and the values are relatively close.  Generally, a slightly larger 

turbine aerodynamic output is predicted by the ALM and FAST codes. While the ALM and 

FAST use some empirical correction, the mesh used by the mentioned CFD projects does not 

appear to be fine enough for capturing all airfoil vortexes. In overall, although all of the 

mentioned methods have their limitations, the results are quite close. A noticeable point about 

the results of flexible cases is that there is a time delay of extremum due to the flapwise 

deflection velocity  [119]. 

 
Figure 15 Comparison of blade aerodynamic performance under surge motions[119] [125] 
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The gap between rigid and flexible data is different at their maximum and minimum values. 

To compare the results of the different analysis tools more practically, the amplitudes of 

variation are plotted in Figure 16. The amplitude is defined as (ὓὥὼὓὭὲςϳ  for this plot. 

It is evident that the difference between rigid cases is comparatively larger than the effect 

of considering aeroelasticity. In other words, the impact of considering aeroelasticity was 

negligible for the thrust calculated by FAST and power calculated by CFD in Liuôs work [119]. 

The flexible turbine showed a higher gap for power calculated by FAST and thrust calculated 

by CFD [119]. While the maximum difference between rigid and flexible cases was less than 

5%, the difference between the two CFD references was more than 10%. According to Liu 

[119], considering flexible blades required 2.3 times more computational cost related to the 

additional mesh morphing. This result shows that although considering aeroelasticity improves 

the accuracy of results, it has no significant impact. Hence in the current work, in order to 

reduce the involved parameters and focus on the platform motion effect, the aeroelasticity is 

ignored. Also, it helps to make the results comparable to the available literature that many of 

them ignored this effect. 

 
Figure 16. Variation amplitude of wind turbine thrust and power under prescribed platform surge 

motion[119] [125] 
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To further compare results at higher surge amplitude, the results for broader surge motion 

are also compared with available CFD results. It should be mentioned that although these 

amplitudes might be too extensive, it would be interesting to verify how different approaches 

result in case of such extreme emotions. In the ALM simulation presented in Figure 17, the 

tower and hub were considered, and other design and simulation parameters were chosen as 

similar as possible in Tran et al. [126] and Kim et al. [127]. The calculations were made at the 

rated wind speed of 11.5 [m/s] and angular velocity of 12.1 RPM, and the surge parameters 

were as Table 10. 

As it can be seen, the results of the ALM code are quite similar to the CFD results of Kim 

et al. [127]. There is a noticeable difference at the maximum as the oscillation frequency 

increased to 0.770 [rad/sec]. Rising the oscillation frequency increases the blade element 

velocity in the flow direction, leading to the stall condition. The plot shows a considerable 

difference in post-stall conditions. Both mentioned CFD simulations, and the current ALM 

code has some limitations. Tran [126] and Kim [127] used two equations turbulence models 

that have some limitations in post-stall condition, and the ALM code uses a 2D airfoil database. 

However, although the difference is noticeable, such a condition rarely happens as the control 

system should avoid it.  

Table 10. Comparison of the computational cost of the three models  

Model Case 1 Case 2 Case 3 

Amplitude [m] 8 m 8 m 11*106 

Frequency (ɤ) [rad/s] 0.246 0.500 0.770 
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Figure 17. Comparison of turbine aerodynamic performance under different oscillation 

frequencies 
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3.3 Floating movements 

The preceding findings give the confidence to extend the developed ALM code to simulate 

the unsteadiness of wind turbines with platform motions. In FOWTs, the platform motion 

depends on some parameters, including substructure topology and prevailing sea state [12]. 

The current project was focused on the aerodynamic impacts of FOWTs due to specific 

displacements and rotations regardless of the mechanisms that lead to the motions. 

Nevertheless, to make certain a realistic range, values are gained by consulting the relevant 

literature [128,129]. In this section, a wind turbine is simulated in floating offshore conditions. 

Single-DOF motions were considered rather than combined multiple-DOF, in the interest of 

achieving a better understanding and measurement.  

Six degrees of freedom and pertinent motions are studied separately to study the effect of 

direction. Operation conditions for these simulations were wind speed, rotor speed, and blade 

pitch of 8 άȾί, 0.48 ὶὥὨίϳ and zero degrees, respectively. This below-rated wind speed was 

chosen to ensure that the boundary layer separation from the suction side of the rotor blade will 

not occur for the fixed condition. Nonetheless, blade stall is possible for higher oscillation 

amplitudes at a part of blade length. A pitch control based on wind speed (and not relative 

inflow speed) was implemented to capture the phenomena that occur by exceeding the stall-

onset angle of attack. In order to investigate an absolute pitch motion, the platform rotation 

center was positioned under the rotor center at the height of the initial sea level. A prescribed 

sinusoidal linear displacement for surge, sway and heave motion in the X, Y and Z direction 

(Eq. (47)), together with an angular displacement for roll, pitch and yaw motion around the X-

axis, Y-axis, and Z-axis (Eq. (48)) were applied. 

Ὠ ὃ ÓÉÎς“ Ὢ ὸ ὃ    ὠ ς“ Ὢ ὃ ÃÏÓς“ Ὢ ὸ ὃ  (47) 

— ὃ ÓÉÎς“ Ὢ ὸ ὃ    — ς“ Ὢὃ ÃÏÓς“ Ὢ ὸ ὃ  (48) 

Here Ὠ denotes displacement and — is the angular displacement ὃ  and ὃ  are amplitudes, and 

Ὢ is the frequency of oscillations. The tilt angle was ignored in this part to make the incoming 

flow purely axisymmetric translation in heave and surge direction. This helps all blades operate 

independently of azimuth angle at a specific time. The developed ALM code obtains platform 

motion in the form of prescribed velocity and angular velocity or can calculate it corresponding 

to Newton's second law. 
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Figure 18 demonstrates power in the platform motion of roll, pitch and yaw rotation and 

surge, sway and heave translation for the NREL 5-MW wind turbine. Data are shown 

separately for translational and rotational motion, and the incoming wind speeds at the rotor 

center are the same. For the linear displacement of surge, sway, and heave ὃ  and Ὢ are equal 

to 4 m and 0.1Ὄᾀ, respectively. For the cases with rotational movement of pitch, yaw and roll 

heave ὃ  and Ὢ are considered as 4Ј and 0.05 Ὄᾀ, respectively. The frequency is chosen 

differently for translation and rotation with the idea of making angular and linear movement 

more comparable. From Figure 18, it is evident that the effect of platform pitch motions is more 

considerable compared to other angular displacements. Taking the wind turbine velocity 

triangle into account, pitch motion is streamwise and has more effect on the relative wind 

velocity. It should also be noted that this effect grows from the bottom to the top of rotors. 

Among translational displacement, surge motion revealed the most significant change. This is 

because surge has the largest impact on the velocity triangle of the wind turbine. Moreover, the 

frequency of power corresponds to the frequency of platform movement. As the platform 

moves in the wind direction, the power drops and vice versa. The peak occurs when the 

platform is in its initial position.  
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Figure 18. Comparison of power production for every 6 degrees of platform motion. 

The rotor thrust for the six platform motions and the fixed bottom case are reported in Figure 

19. It is evident that the trend is similar to the produced power trend. Nevertheless, the impact 

of yaw motion in the thrust plot is noticeable. These results are important not only for the 

investigation of aerodynamic performance of the wind turbine but also, they are essential for 

fatigue loading calculation. 
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Figure 19. Comparison of thrust in every 6 degrees of platform motion. 

The average of powers and their oscillation amplitude are illustrated in Figure 20. The rest 

of the motions are omitted due to their negligible effects in the mentioned amplitude and 

frequency. Therefore, the data are compared for four different pitch and surge oscillation 

amplitudes. As it can be observed, the difference between the maximum and minimum values 

tends to rise steadily as the motion amplitude rises. It is also demonstrated as the movement 

oscillation amplitude expansions two and three times more, the power oscillation amplitude 
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effect on percent being about half as many again as in power. It is visible that as the maximum 

power change is 52% for pitch and 66% for surge motion, the maximum thrust variation is just 

under half (25%) and just more than half (34%), respectively. These numbers are sensible as 

they are proportional to the square of inflow velocity. 

 

Figure 20. The average of power and its oscillation amplitude for pitch and surge with different 

amplitude 

 

Figure 21. The average thrust and its oscillation amplitude for pitch and surge with different 

amplitude. 
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3.4 Study of Surge motion 

As it was well documented that the surge motion causes significantly more aerodynamic 

effects under the same linear displacement, it will be studied more in detail in this section. To 

better analyze the following data, the prescribed surge motion applied to the turbine platform 

and the corresponding normal velocity are shown in Figure 22. The inflow velocity normal to 

the rotor plane (ὠ) is defined as the wind speed minus hub streamwise speed. For this figure, 

the amplitude of oscillating surge motion was set at 8 άȟ and the frequency was set as half of 

the rotor frequency (0.0763 (Ú). 

 

Figure 22. Variation of platform surge motion for ὃ=8 m 

The rotor output power in oscillating surge motion amplitudes of 4, 8, and 16 m and the 

fixed-bottom condition are compared in Figure 23. According to [102], this is inside the 

realistic range for a wind speed of 11.2 m/s. However, this might be unlikely in wind speed of 

8 m/s. The investigation was performed at large amplitudes to ensure the occurrence of severe 

phenomena in the mentioned frequency. Figure 23-a demonstrates power and thrust variations 

during a period of platform surge oscillation (i.e., two rotor revolutions). Remarkably, while 

the reciprocating surge motion is symmetrical and according to Figure 22 the normal velocity 

is symmetrical, the average produced power is marginally different from the bottom-fixed case. 
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As presented for the simulated conditions, the average power amplified by 0.3% and 3.5% for 

the amplitude of 4 m and 8 m, respectively, followed by a 2% climb for the amplitude of 16 m.  

 

 

Figure 23. The produced power and thrust in surge motion with different amplitudes. 
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For having a better illustration, the produced power and thrust corresponding to the axial 

displacement in backward and forward motion are plotted in Fig. 10-b. It should be noted that 

the surge speed is zero at T2 and T6, when the platform is at its maximum displacement. Also, 

while the reciprocating surge motion of platform was symmetrical and the inflow velocity is 

also symmetrical (see Fig. 8), the effect of surge motion on power is asymmetric in a way that 

it is more flattened in the bottom half in Figure 23-b, related to the backward motion between 

T3 and T5. Remarking the loop trends, the loop is more flattened in the backward half for the 

case with of longer amplitude. There is a noticeable flattening for the longer amplitude in the 

forward movement (the top half of Fig. 10-b). Two separate phenomena produce these 

flattening in the forward and downward movements, respectively, the stall and the turbulent 

wake state.  

The stall is responsible for the flattening in forwarding motion (top half). As shown in Figure 

22, the streamwise velocity of the platform is about 5 m/s; this leads the turbine to receive a 

wind condition like that of a fixed-bottom case under a wind speed of 13 m/s. It is important 

to note that in the current simulations, the blade pitch angle is constant at each wind speed, 

whereas, in the real NREL 5MW, it can be controlled in surge motion based on the relative 

inflow speed. This decision aims to capture the phenomena that happen in extreme conditions. 

Figure 24 illustrates the computed attack angle and its corresponding lift coefficient along 

the blade. Data are reported for positions P1, P2, and P3 corresponding to fractions 6/24, 7/24, 

and 8/24 of the surge oscillation period. From P1 to P3, the attack angle continuously increased 

due to the rise in surge velocity. The lift coefficient dropped from the radius of about 12 to 40 

m of the blade, where DU airfoil sections were used. Based on Figure 25, it can be revealed 

that these sections of the blade are located in the stall region. The straightforward calculation 

of attack angle in ALM is advantageous over the blade-resolved CFD, which could be utilized 

in turbine control and design. 
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Figure 24. The angle of attack and lift coefficient along the blade 1 in different positions. 

 

Figure 25. Lift and Drag coefficient of airfoil sections in NREL 5MW 

The wake structure is visualized in Figure 26 using the iso-surface of the Q criterion [130]  

from the side view (x-z plane). The Q-criterion [54,55] is defined as: 
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(49) 

where  and ἡ are the antisymmetric and symmetric parts of the velocity gradient tensor Ἵɳ as 

follows: 
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Figure 26-a demonstrates that the wake for the bottom-fixed case was developed initially in 

the form of well-defined helical geometry with an azimuthal symmetric strength. This structure 

was maintained until about 2D (rotor diameter) downstream and ultimately evolved into a 

turbulent wake. Conversely, figures a and b demonstrate that the surge motion cases yielded 

more unsteady wake with a periodic variation in the wake strength. As it can be observed, due 

to the forward-backward motion, the structure of the wake deformed periodically according to 

the phase of the oscillation. Based on Figure 22, the relative velocity between the blades and 

the incoming wind is periodical because the surge platform motion is streamwise. Therefore, 

the surge motion leads to a periodic aerodynamic load and, consequently, periodic vorticity 

strength. 

In addition to strength, the distance between two successive vortex rings demonstrates a 

periodic variation that is correspondent to the turbine surge motion. These variations result in 

a highly unstable intermediate wake due to mutual interaction between adjacent vorticities with 

different strengths. It should also be noted that the wake was more disturbed for the higher 

amplitude case than the case with lower amplitude. The described occurrence is crucial in wind 

farms design because the wind flow that the downstream wind turbines receive is unsteady and 

varies based on the upstream turbine surge motion. Even though the wake is approximately 

azimuthally symmetric here, this can still cause a time-varying load on the downstream wind 

turbine. Similar tip vortex breakdown occurrence was also observed in  [131,132]. 
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Figure 26. Iso-surface of Q=0.001 colored by velocity gradient magnitude for a) fixed-bottom 

case; b) Surge motion with ὃ ψ ά; c) Surge motion with ὃ ρφ ά 

Returning to the reason for the flattened area at the bottom of the power loop in Figure 23, 

this position corresponds to position T0 in Figure 22 when the surge velocity is at its maximum 

value. At this position, it can be seen that the blade distorts the emitted wake of the preceding 

blade. In helicopter studies, this phenomenon is known as the vortex ring state (VRS). When 

the rotor moves fast enough in the backward direction, negative thrust could be produced by 

blades that explain the distorted wake. In this condition, the momentum theory is no longer 

valid since the axial induction factor goes above 0.5; in other words, the thrust coefficient that 

is defined based on normal inflow velocity ὠ, exceeds unit. 
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Rand et al. [133] offered the rate of induced velocity as formula (52) that is used to predict 

helicopter performance. It should be noticed that this representation cannot be an absolute 

criterion to determine the entrance to the vortex ring state. However, it can give an estimation 

for the initiation of the turbulent wake state and vortex ring state. 
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(52) 

Here ὺ denotes the estimated induced inflow velocity and ὠ is equal to ὠ. The induced 

velocity in hover (ὺ Ὕς”ὃϳ ) is defined to normalize based on the thrust (Ὕ). 

Figure 27 indicates for inflow velocity ratio (ὠ ὺϳ ) less than -2, , the turbine is in the normal 

working state. This is where the thrust coefficient (ὅ) is less than one and the induction factor 

is between 0 and 0.5; therefore, the BEM theory is valid. The turbine enters the turbulent wake 

state and vortex ring state as ὠ ὺϳ  exceeds -2. In this condition, ὅ (defined based on ὠ) 

exceeds unit due to the low amount of ὠ. The onset of vortex ring state following turbulent 

wake state can be suggested by induction factor equal to the unit as ὠ ὺ. Following the 

inflow velocity ratio of zero, the turbine will enter the propeller brake state. The corresponding 

inflow velocity ratio calculated based on instantaneous thrust for cases with different 

amplitudes is colored to highlight the status of oscillating turbines in this plot. This plot reveals 

the case with the amplitude of 16 reaching the vortex ring state and then it followed by rising 

into the maximum inflow velocity ratio of about -1. This occurs during its backward motion at 

position T0. 
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Figure 27. The estimated ratio of induced velocity as a function of inflow velocity ratio 

The wake behind the turbine under oscillating surge motion is visualized in Figure 28 for 

the amplitude of 16 m. Data are presented for eight positions corresponding to T0- T7 in Figure 

22. This figure establishes that the current ALM code satisfies the need for capturing vortices 

trajectory, potential blade-vortex interactions, and vortex pairing. At the initial position, T0, it 

can be seen that there is an interaction between blade-1 and the wake of the preceding blade 

(blade-3). Turbine at this position is on its backward motion, and the inflow velocity normal to 

the rotor plane (ὠ) is minimum. The backward motion in this position has the enough speed 

to move the turbine beyond its wake. Hence, as the blade-1 tip vortex is emitted downstream 

of the preceding vortex, this situation shows the rotor is in the vortex ring state indeed. This 

follows by emitting the vortex of blade-2 very close to the earlier double vortex that leads to 

vortex pairing. Consequently, the emitted tip vortexes are merged from around 22/24 to 5/24 of 

the surge oscillation period. Afterward, just before position T2, a strong vortex ring emitted, 

followed by three vortex rings that shed between T2 and T7, which rolled around the previous 

strong vortex ring. The appeared vortex pairing leads to vortex meandering and, subsequently, 

instabilities in the turbine wake. 
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Figure 28. Iso-surface of Q=0.01 colored by velocity gradient magnitude for pitch motion with 

ὃ ρφ ά at positions T0- T7,  

 1 
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3.5 Study of pitch motion 

The prescribed pitch motion given to the turbine platform is shown in Figure 29 prior to 

presenting the study of pitch motion. The normal velocity is denoted by ὠ and calculated 

geometrically as follow:  

ὠ Ὗ ÃÏÓ— Ὗ ÃÏÓ—ϳ  (53) 

Pitch motions are more complex in comparison to surge motion. This is primarily because 

the inflow velocity normal to the rotor plane for each blade element varies depending on the 

element height, even at a particular time. Considering the fact that BEM and ADM discretize 

the rotor into annular rings, they are not capable of stimulating angular platform motion like 

pitch, at least in their original form [128,134]. In the following section, the amplitudes of at 2, 

4, and 8° were set as the amplitude of oscillating pitch motion. The frequency of 0.0763 (Ú 

was set for all cases, whereby each pitch oscillation period lasted two rotor revolutions. As a 

matter of fact, the amplitude of 8° may seem beyond the real usual range in FOWTs. However, 

it helps explain the occurred physical phenomenon at the smaller amplitudes, even though it 

involves excessive boundary layer separation from the blades. 

 

Figure 29. Variation of platform pitch motion for ὃ ψЈ 
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Figure 30. The produced power and thrust by each blade with an amplitude of 2°. 

Figure 30 compares the power and thrust of blades for the case with an amplitude of 2°. The 

figure indicates a periodic variation in power addressed by the retreating and advancing of 

blades. Different trends are followed by each blade which is due to the discrepancy between 

the blade phases. In addition, even the maximum powers of the blades are not the same and a 

difference is observable. As it can be seen, the maximum of produced power by blade 1 is 

comparably more than the others by about 1105 kW. Based on Figure 29, the maximum 

forward speed of the rotor takes place at T4, where blade-1 is at 12 o'clock position (zero 

azimuthal degrees). Consequently, its blade tip receives the maximum velocity caused by the 

pitch motion. The maximum power of Blade-2 is achieved just after position T3, and this 

maximum takes place just before T5 for blade-3. It is noticeable that the maximum power of 

blade-3 is marginally more than the maximum power of blade 2. This can be addressed by the 

distance between the blade and the wake of the earlier blade, as expanding this space leads to 

less inflow velocity induction. 

Compared to the average produced power, the maximum produced power goes up to 43%, 

whereas the maximum power of blade-1 reaches a growth of 63% compared to its average. 

This point confirms that there is a demand for blade simulations. At least in pitch motion, the 

original form of the BEM method is not able to provide these figures. The disagreement 

between blades' produced power can lead to an extensive impact on blade vibration, 
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deformation,  and fatigue. Nonetheless, it is highly subject to the pitch motion frequency 

concerning the phase of blades and the rotor speed. The rotor and platform frequency 

coincidence maximized this effect in the current case, though it rarely occurs in real operation 

conditions. Here, the oscillation amplitude is expanded to confirm the physical phenomena 

occurring under a pitch motion of 4°. 

 

Figure 31. The produced power and thrust by the turbine in pitch motion with different amplitudes. 
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Figure 31 compares the produced power of the fixed-bottom case with the corresponding 

produced power in pitch motion with amplitudes of 2, 4, and 8°. The produced power is plotted 

as a function of the rotor azimuthal position in Figure 31-a. It is noticeable that the mean 

produced power is also affected due to the pitch motion and is slightly different from that of 

the bottom-fixed case. While the average power of the bottom-fixed case is 2013 kW, this 

figure is around 2031 kW, 2074 kW, and 2051kW  for the pitching cases with amplitudes of  

2, 4, and 8°, respectively. In other words, the mean power increases by 0.8% and 3% for the 

amplitude of 2° and 4°, respectively, and then with less growth of 1.9% for the amplitude of 

8°. It should also be noted that due to the inclined rotor, the frontal area changes insignificantly, 

(cos 8°=0.99). 

Figure 31-b shows the produced power against the angular displacement. Along with data 

for the bottom-fixed case and pitching cases, the result of six cases with pitch misalignment of 

±2°, ±4°, and ±8° are presented. The produced power at the extrema pitch angles of oscillating 

cases agrees with their corresponding static pitch cases. The angular pitch velocity is zero while 

the turbine is at its maximum displacement in positions T2 and T6. As a result, their 

circumstances are comparable to the static pitch misalignment cases. 

The loop is more flattened in the backward half for the case with a longer amplitude, as 

shown in Figure 18-b. As explained in the preceding section, this flattening is associated with 

the turbulent ring state. Aside from the flattening, the loop is marginally asymmetric as the 

right half looks sharper than the left half. The curve value on the right side is higher both in the 

backward and forward quarters. The right side is where the turbine is upstream. This diversity 

was not observed or at least was negligible for the surge case, indicating a relation to the impact 

of turbine pitch and the attack angle. 

In Figure 19, the iso-surface of Q=0.005 illustrates the wake structure from the side view 

(x-z plane). In the case of pitch motion, the wake is more unsteady than the other motions, and 

there are also periodic strength variations. The wake structure deforms periodically based on 

the oscillation phase in the forward-backward direction. Because the distance between two 

subsequent vortex rings is determined by azimuth, the intermediate wake is considerably more 

unstable than surge motion. For the cases that just the upper half of the rotor moves fast enough 

in the backward direction, the blade tip can distort the emitted wake of the earlier blade and 

consequently makes distortion. As a result, the rotor produces negative thrust and enters the 
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vortex ring state. The momentum theory is no longer valid there as the thrust coefficient, which 

is defined based on ὠ, exceeds the unit. 

 

Figure 32. Iso-surface of Q=0.001 colored by velocity gradient magnitude for a) fixed-bottom 

case; b) Pitch motion with ὃ τЈ; c) Pitch motion with ὃ ψЈ 

Figure 20 illustrates the rate of induced velocity, which can be used to estimate the point 

that the turbine goes into the turbulent wake and vortex ring states. Once the case with the 

maximum amplitude of ὃ=8° catches the maximum inflow velocity ratio of -0.75 during the 

backward motion at point T0, it goes into the vortex ring state zone. The two smaller amplitudes 

of ὃ=4° and 4° do not meet the inflow velocity ratio of -2, and therefore do not enter even the 

turbulent wake state. 
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Figure 33. VRS identification of Pitch motions 

The wake of turbine under the pitch motion with an amplitude of 8° is visualized in Figure 

34. Data are presented for eight positions corresponding to identified positions (T0, T1, ..., T7) 

in Figure 22. The interaction between blades and their emitted vortex is depicted in this 

illustration. The trajectory of vortices, potential blade-vortex interactions, and vortex pairing 

are all properly represented once again. When comparing the pitch motion to the surge motion, 

the pitch motion reveals more aerodynamic interactions. 

 

Figure 34. Iso-surface of Q=0.01 colored by velocity gradient magnitude for pitch motion with 

ὃ ψЈ at positions T0, T1, ..., T7. 
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Noteworthy, the blade vortex interaction occurs mostly on the rotor's top, where the body's 

speed is higher due to the angular motion. This separates the top and bottom halves of the 

helical vortex wake. Pitch motion, unlike surge, is not a simple translation, and the 

displacement at the top is not the same as the displacement at the hub center. An interaction 

between blade-1 and the wake of the earlier blade (blade-3) can be noticed at position T0. The 

distinction here is that this contact is limited to the top of the turbine rotor, whereby just the tip 

of blade-1 is beyond its wake since the tip vortex is emitted downstream of the preceding 

vortex. Following that, the blade-2 tip vortex is emitted near this double vortex, resulting in 

vortex pairing. As a consequence, the strength of the vortex ring shed right before T2 varies 

based on azimuthal position. This can cause vortex meandering in the wake, causing wind farm 

flow instabilities. 
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3.6 Study of Yawed case 

Based on the results shown in section 3.3, the occurred yaw angle in a floating condition of 

the wind turbine has a marginal effect on the turbine performance. However, in a real floating 

wind farm, the turbine goes under yaw misalignment due to variation in wind direction. This 

misalignment is usually comparatively much more than those that happen based on a floating 

platform. Hence, instead of investigating yaw misalignment due to floating platforms, higher 

yaw angles due to variation in wind direction in real floating wind farms are investigated in 

this section. Being most of the publications on yaw misalignment for the NREL PhaseVI case, 

the test case was chosen in this section in order to make the output data more comparable with 

available literature. 

Figure 35 demonstrates the used symbolization for yaw misalignment. In this section, the 

direction of positive yaw angle was chosen in a way that reduces the inflow angle at the blade 

azimuth angle of 0° (12 o'clock). The right-handed Cartesian coordinate system is shown 

whereby the tower is in the ᾀ-direction and Ὗ  is in the ὼ-direction. 

 

Figure 35: The employed notation for yaw angles.  

Figure 36-a compares the produced aerodynamic torque as a function of azimuth angle for 

three different yaw misalignments of 10°, 20°, and 30°. Data are reported for Ὗ =10 m/s. As 
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it can be seen yaw misalignment leads to an oscillating produced torque as by rising the yaw 

misalignment to 10°, 20°, and 30°, the amplitude of oscillating torque expands 5%, 18%, and 

20% of their corresponding average, respectively. This fluctuation is due to the angle of attack 

variation caused by the turbine yaw misalignment. While the wind speed is almost constant 

during the rotor revolution, the angle between the chord and wind flow varies during a rotor 

revolution in yaw conditions. Subsequently, both relative velocity and attack angle oscillate 

due to the yaw misalignment. 

The magnitude of the geometrical relative velocity (ὠ ÇÅÏÍ) and the geometrical angle 

of attack (‌ÇÅÏÍ) can be calculated as follows [135]:  

ὠ geom Ὗ ÃÏÓ‎ ʇ ÓÉÎ‎ÃÏÓ•  

(54) 

‌geomÁÒÃÔÁÎ
ÃÏÓ‍ÃÏÓ‎ ÓÉÎ‍‗ ÓÉÎ‎ÃÏÓ•

ÃÏÓ‍‗ ÓÉÎ‎ÃÏÓ• ÃÏÓ‎ÓÉÎ‍
 

(55) 

here ɾ and • refer to the yaw angle and the azimuth angle, and ‍ denoted the blade pitch angle 

that includes the twist angle. This is noteworthy that the equations for ὠ ÇÅÏÍ and ‌ÇÅÏÍ are 

derived geometrically, which means the effect of turbine on the flow field is absent. 

The oscillating geometrical angle of attack during a rotor revolution is plotted in Figure 36-

b for the mentioned yaw angels. It should be noted that when blade-1 experiences its maximum 

angle of attack, the second blade is at its minimum and vice versa. Although increasing the 

yaw misalignment boosts the torque oscillation amplitude, the average toque declines. 

Simulation of the phenomena that occur when the turbine is under yaw condition is a crucial 

problem in wind turbine design. Simulation of this situation using BEM methods is 

challenging, especially for higher wind speed that appears in floating offshore wind farms. 
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Figure 36: a) Aerodynamic torque of rotor b) Geometrical angle of attack for blade-1 under 

different yaw angles in Ὗ =10 m/s calculated using the current ALM code. 

Figure 37-a compares the geometric angle of attack at the blade tip for different wind speeds. 

The data are presented for the turbine under a yaw angle of 30°. It is evident that by raising the 

wind speed, both the amplitude and the average of ‌ÇÅÏÍ increase. The minimum angle of 

attack is at the azimuth angle of •=0° and then it flowed by a continuing rise until reaching its 

maximum at •=180°. In case with negative yaw direction, the opposite is true. Figure 37-b 

demonstrations the geometrical relative velocity,  ὠ ÇÅÏÍ, as a function of azimuth angle. It 

can be observed that the variation  of geometrical relative velocity changes Inversely in 

conjunction with the geometrical angle of attack. The geometrical relative velocity achieves its 

maximum and minimum at azimuth angles of 0° and 180°, respectively, contrary to the trend 

of the geometrical angle of attack. 
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Figure 37: a) geometrical angle of attack b) geometrical relative velocity for different wind speeds 

under yaw angle of 30°. 
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accomplished for just an isolated airfoil, while in the rest of study an entire turbine has been 

simulated utilizing the ALM. 

Figure 38 shows the ramp-up and oscillatory test results for a single S809 airfoil.  The ramp-

up test was performed at a reduced pitch rate (ὶ ‌ὧςὟ  ϳ ) of 0.005. In Figure 38-a the 

calculated normal force coefficient is compared with available data in the literature. The 

obtained results show a good agreement with the experimental data in terms of the normal 

force. As observed, the stall onset was predicted just 2° earlier, and the effect of the vortex 

emitted was predicted at 27°, with less power though. In addition, Figure 38-b  reports the 

results of single oscillatory aerofoil compared with the experimental data. The test 

accomplished for an oscillating aerofoil with Ŭ=15Ñ10Á and a reduced frequency of  ‖

‫ὧςὟ  ϳ =0.074. From the calculated hysteresis loop, it can be seen the stall initial was 

predicted slightly earlier. It is worth noting that the applied DS model was developed initially 

for helicopter purposes. Still, the version modified by Sheng uses the main characteristics of 

the initial model, for example employing the Kirchhoff equation, while it is more applicable 

for thin aerofoils. Nonetheless, applying the Sheng DS model proved its ability to model the 

delays and downstroke movement in dynamic stalls. 
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Figure 38: Comparison of the DS model results with experimental results for an S809. 

(a) Ramp-up test of ὶ=0.0169, (b) oscillatory test ‌=15±10°, ‖=0.074. 
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The aerodynamic torque predicted using the present ALM algorithm is compared to UBEM 

and CFD results in Figure 10. The details of the UBEM and CFD simulations are available in 

[134] and  [123]. The results of simulations are reported for three different wind speeds of 

10m/s, 13m/s, and 15 m/s that are equivalent to TSR equal to 3.8, 2.9, and 2.5, respectively. 

These simulations were performed for the NREL PhaseVI wind turbine under 30° of yaw angle. 

Overall, the CFD results confirm the accuracy and reliability of the current ALM code as the 

difference between the average aerodynamic torque obtained by CFD and the ALM calculation 

tools is very limited. The data can be compared in terms of the amplitude and phase of 

oscillating torque for further evaluation.  

It can be noticed that the UBEM code underestimated the output torque for Ὗ =10 m/s and 

overestimated the value for Ὗ =15 m/s. employing the ALM code established an outstanding 

improvement in the amplitude. It is notable that UBEM applies yaw models to reflect the 

nonorthogonality of flow to the turbine rotor plane [136], whereas the current ALM code 

interpolates the inflow velocity from the flowfield CFD solver. In other words,  all flow angles 

are inherently concerned in the ALM.  

In terms of oscillating torque phase, between UBEM and CFD results, a phase shift error of 

about 30° at 10 m/s and 15° at 13 m/s was reported. By increasing the wind speed, the phase 

error was reduced to zero. The plotted attack angle in Figure 37-a helps to explain the reason. 

At a wind speed of 10m/s, in some portions of a revolution, the blades are subjected to dynamic 

stall, and by increasing the wind speed to 13m/s, the blades suffer from the dynamic stall almost 

during the entire revolution. The result of the ALM code shows a remarkable advancement in 

reducing the phase shift error compared to UBEM. The phase was predicted precisely for the 

case with a wind speed of 10 m/s in which the rotor suffered from a partial dynamic stall. For 

the medium wind speed of 13 m/s, the accuracy slightly decreased, and an incremental 

oscillation after •= 90° was captured that is due to the delay in predicting the second blade's 

dynamic stall. Increasing the wind speed to 15 m/s causes a higher angle of attack during the 

revolution, leading to complete flow separation and TEV formation. Considering the point that 

the ALM utilizes the tabulated airfoil data, this kind of 3D phenomenon that impacts the inflow 

produces a slight inaccuracy in ALM predictions. 
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Figure 39: Comparison between the aerodynamic torque of 30° yawed turbine at a wind speed of 

(a) 10 m/s, (b) 13 m/s, and (c) 15 m/s with 30° yaw angle predicted by the ALM model, the U-BEM 

model [134] and CFD [123]. 
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Figure 40. Produced power as a function of yaw angle. 

Figure 40 illustrates the simulation results for the NREL PhaseVI reference wind turbine at 

ten different static yaw misalignments. The test case was examined at yaw angles ranging from 

0° to 30° in negative and positive yaw directions. The average produced powers are presented 

by square symbols and error bars indicating the revolution's minimum and maximum values. 

The results for negative and positive yaw angles are symmetrical, as illustrated. The data 

indicates a 25% drop in average power due to maximum yaw misalignment of 30°. 

The literature suggested the variation of power with yaw angle, ὖ‎, can be approximated 

by the following equation [137]: 

ὖ‎ ὖπЈÃÏÓ‎  (56) 

The … exponent of 3 has been proposed; although it has been shown that it is only accurate 

if the axial induction distribution is small against Ὗ ÃÏÓ‎ [137]. The measurements that 

include wind tunnel models and full scale turbines have suggested that the exponent … could 

vary between 1.88 and 5.14 [138]. Based on the simulation of the studied yaw misalignments 

by the ALM, … =2 appears to be in good agreement, at least for the current case. 

The amplitude of oscillations exhibits a consistent upward trend until 30°, after which there 

is no discernible trend. The angles of attack can address this as for yaw misalignments more 
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blades are stalling, there are some instabilities that require further investigation. In other words, 

because these conditions are caused by two stalled blades, the amplitudes for these conditions 

can be case-dependent. 

In Figure 41 and Figure 42, the wake structure is visualized by the iso-surface of Q criterion, 

which is defined as follows [130]: 

1 ᴁἡᴁ ᴁᴁ  (57) 

here  and ἡ denote the symmetric and antisymmetric parts of the velocity gradient tensor ɳἽ, 

as follow: 

Ἵɳ Ἵɳ  (58) 

ἡ Ἵɳ Ἵɳ  (59) 

Figure 41 illustrates the flow field around a flow-aligned turbine, and Figure 42 illustrates 

the flow field around 30° yawed case both in wind speed of 10m/s. The flow-aligned turbine's 

wake was first formed as a well-defined helical geometry. The wake structure was preserved 

until about four rotor diameters downstream and flowed by evolving into the turbulent wake. 

Since the helical wake vorticities' strength was azimuthally symmetric, the contour in Figure 

12-b was only shown for one timestep.  

In Figure 42-bI-XII the contours for the yawed case are illustrated on the blade sections at 

each 30° of revolution. The yaw misalignment produced dramatically different wake evolution 

compared to the flow-aligned example. The wake strength demonstrated a periodic change in 

relation to the azimuthal angle. The fluctuation of AOA and relative velocity during revolutions 

addresses the periodic deformation of the wake vorticity strength. The corresponding AOA and 

relative velocity are illustrated in Figure 8. A stronger wake was emitted when the blades were 

at 0° azimuth, as illustrated in Figure 13-bI. During a revolution, this location corresponds to 

the highest relative velocity.  
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Figure 41. (a) Instantaneous vortices visualized with the iso-surface of Q =0.01 colored by the 

magnitude of velocity gradient, (b) contour of velocity gradient magnitude and the iso-surface of Q 

=0.2, for the aligned case 

 
Figure 42. (a) Instantaneous vortices visualized with the iso-surface of Q =0.01 colored by the 

magnitude of velocity gradient, (bI-XII) contour of velocity gradient magnitude and the iso-surface of 

Q =0.2, for each 30° of revolution in 30° yawed case 
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Figure 43.  (a) Instantaneous vortices visualized with the iso-surface of Q =0.01 colored by Axial 

velocity, (b) contour of axial velocity at ὼȾὈ = 1, 4 and 8 for the aligned case 

 
Figure 44. (a) Instantaneous vortices visualized with the iso-surface of Q =0.01 colored by x 

velocity, (b) contour of x velocity at ὼȾὈ = 1, 4 and 8 for the 30° yawed case 
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The downstream axial velocity distribution enormously impacts the inflow condition of the 

downstream wind turbines, which is important in wind farms. The inflow condition is critical 

in determining the downstream wind turbine's aerodynamic and fatigue stresses [35]. Figure 

43 and Figure 44 show the streamwise velocity contours behind the aligned and yawed wind 

turbines, respectively, to determine the impact of the produced wake structure on the 

downstream velocity field. Figure 43-a and Figure 44-a show the data for x/D = 1, 4, and 8, 

where x represents the downstream distance and D represents the rotor diameter. In the case of 

the aligned rotor, simulations revealed that the wake propagation persisted longer. As can be 

seen in contours at x/D = 8, the part of the contour in dark blue is wider for the aligned turbine. 

For the aligned turbine, the wake took the shape of a helical geometry with identical 

strength, as illustrated in Figure 14-a. Hence, the velocity deficit distribution is axisymmetric 

in terms of wake age. Figure 44 shows that a highly skewed deformed wake structure was 

developed for the case with a 30° of yaw angle. It was also established that since the wake 

vortices oscillated periodically, the axial velocity distribution was no longer axisymmetric 

regarding the wake age; the fluctuating AOA and relative velocity address this. A high induced 

velocity area emerged at a 240° azimuth angle as strong wake vortices passed through the 

downstream region. This is consistent with the findings of Bastankhah et al. [139], that the 

wake center, defined as the point at which the velocity deficit is maximum at each downwind 

location, changes based on yaw angle. As a result, the downstream wind turbine experiences 

highly unstable and asymmetric intake, and the blades experience a time-dependent 

aerodynamic load. 
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3.7 Study of multi DoF motions 

During the past decade, a particular interest in the unsteady aerodynamics of FOWT has 

been drawn [7]. Complex rotor motions and the subsequent local aerodynamics have become 

more prevalent, but they are still not as developed as fixed rotor aerodynamics. High-fidelity 

studies like CFD have rarely been utilized for the hydrodynamic simulation of FOWTs [140]. 

Although they provide practical data, their computational cost is a drawback. Medium-fidelity 

approaches, particularly CFD-AD, were dominantly limited to the study of surge motion 

[141,142] due to their inherent weakness in simulating skewed flows. Most of the studies on 

FOWTs were performed on the NREL 5MW case. However, different operation conditions 

result in distinct rotor motions. Being subject to these motions avoids focusing on the effect of 

platform motion on local aerodynamics. 

Three well-known platforms were selected to study the NREL 5MW wind turbine. The 

OC3-Hywind spar buoy platform proposed by the Offshore Code Comparison Collaboration 

(OC3) project (IEA) [143], the MIT/NREL TLP platform developed by the Massachusetts 

Institute of Technology (MIT) [144], and the ITI Energy barge platform developed by the 

Universities of Glasgow and Strathclyde [145] are three well-known floating platform models 

that were studied in several aerodynamic-hydrodynamic analyses. The physical properties of 

the mentioned platform models are summarized in Table 5. 

Table 11. Description of properties for the three floating platforms 

 OC3/Hywind spar-buoy ITI energy barge MIT/NREL TLP 

Diameter or width × length [m] 6.5 to 9.5 45.14 (40×40) 18 

Draft [m] 120 4 47.89 

Water depth [m] 320 250 200 

Displaced volume of water [m3] 8029.21 6000.0 12179.6 

Mass [103 kg] 7466.33 5452 8600.41 

CM location below SWL [m] 89.92 0.28 40.61 

Roll inertia about CM   [106 kg-m3] 4229.23 726.9 571.624 

Pitch inertial about CM [106 kg-m3] 4229.23 726.9 571.624 

Yaw inertia about CM   [106 kg-m3] 164.23 1453.9 361.408 
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The current study is focused on the aerodynamic effects caused by floating platform motions 

regardless of the mechanisms generating the motions. The impact of multiple-DoF motions on 

the aerodynamic load and wake structure is studied in the current section. 

Sebastian and Lackner [146] proposed a power spectral density (OSD) approach that was 

followed by other researchers, including Lee and Dong [147,148]. They utilized a power 

spectral density (PSD) analysis to determine the main platform DoF contributing to inflow 

velocity variation and attack angle. In this way, only primary platform modes are imposed 

rather than applying the actual time series of platform motions produced by hydrodynamic 

codes. Classifying the aerodynamic contribution of a platform motion mode from other modes 

is complicated in the presence of many platform modes that reveal similar spectral peaks. 

Sebastian and Lackner [146] showed that most of the energy in each mode is attributed to two 

peak frequencies associated with the 1P rotor rate and the sea state. They modeled the actual 

time series using a linear superposition of two sinusoidal functions as follow: 

ὢ ὢ ὃÓÉÎς“Ὢὸ ‰ ὃÓÉÎς“Ὢὸ ‰  (60) 

Table 12 lists a set of synthesized parameters that were fitted to the FAST-simulated 

responses of each platform under the mentioned operating conditions. Utilizing this approach, 

besides making it possible to analyze the aerodynamic consequence of motion, provides a 

structure for cross-code comparison [147,148]. 

Table 12. Platform motion parameters for the NREL 5 MW turbine with different floater types at three 

operating conditions. 

Oper. Floating platform Mode ὢ 

[m or °] 

ὃ 

[m or °] 

Ὢ 

[Hz] 

‰  

[rad] 

ὃ  

[m or °] 

Ὢ 

[Hz] 

‰  

[rad] 

1 ITI Energy barge Heave ī0.130 0.318 0.078 1.303 0.254 0.108 2.702 

Surge 13.602 0.725 0.007 ī1.163 ī0.442 0.078 2.609 

Pitch 0.591 1.475 0.078 ī0.066 1.630 0.083 1.816 

OC3-Hywind spar-buoy Pitch 1.580 ī0.084 0.066 1.930 ī0.116 0.077 3.113 

Yaw ī0.021 0.091 0.108 1.983 ī0.036 0.120 3.429 

MIT/NREL TLP Surge 1.206 0.436 0.016 ī0.831 ī0.222 0.077 3.018 

2 ITI Energy barge Pitch 1.722 -0.637 0.065 -0.381 1.677 0.077 1.835 

3 ITI Energy barge Pitch 0.939 1.518 0.066 2.132 2.979 0.078 6.863 

OC3-Hywind spar-buoy Pitch 3.324 11.961 0.029 0.420 0.000 0.000 0.000 

Yaw -0.222 2.000 0.029 -0.359 3.185 0.058 3.385 
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The operating and environmental conditions in this table are as follow: 

1. Below-rated: Ὗ  = 6.0 [m/s],   ɚ = 9.63, Ὄ  = 1.83 [m], Ὕ = 12.72 [s];  

2. Rated:            Ὗ  = 11.4 [m/s], ɚ = 7.00, Ὄ  = 2.54 [m], Ὕ = 13.35 [s]; 

3. Above-rated: Ὗ  = 18.0 [m/s], ɚ = 4.43, Ὄ  = 4.09 [m], Ὕ = 15.33 [s], — = 15[°] 

Figure 45 compares the side view of visualized wake for the monopile platform under the 

three operating conditions. The wake visualization was performed using the iso-surface of Q 

criterion equal to 0.001and 0.0001 colored by velocity gradient magnitude. The helical 

geometries of the wakes are well captured in all three conditions. Increasing the wind speed 

leads to expanding the distance among the helical rings. The helical geometry disappears 

sooner for cases with a higher tip speed ratio since the smaller gap between vortex rings. 

Moreover, the wake expansion in the radial direction for the higher wind speed is less due to 

the higher flow momentum in this operating condition.  
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Figure 45. Iso-surface of Q=0.001and 0.0001 colored by velocity gradient magnitude for 

Monopile in a) Below-rated, b) Rated; c) Above-rated 

The effect of remarked platform motions on the thrust force and power output of the NREL 

5MW rotor are presented in Figure 46 and Figure 47. The rotor's thrust force and power output 

variation undergoing individual translational and rotational motions are evaluated in a time 

domain. Data of monopile condition is compared with six modes of movement mentioned in 

Table 2 for below-rated operating conditions. The data indicates that the rotor thrusts fluctuate 

around their mean values after an initial transition. The initial transition is addressed by the 

wake development around the rotor that causes a blockage effect in front of the rotor by 

decreasing the inflow speed. It is apparent that the pitch of ITI Energy barge and pitch of OC3-

Hywind spar-buoy resulted in the most significant variations while the other motions had 

relatively little effect on the output.  

a 

b c 
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Figure 46 Variation in the rotor thrust in different platform motions 

 

Figure 47 Variation in the rotor power in different platform motions 

Figure 48 compares the effect of each of the remarked platform motions for the ITI Energy 

barge. Figure a) represents the stated Heave, b) represents the surge, and c) represents the pitch 

motion in Table 12. The combination of these three motions is demonstrated in  Figure 48-d. 

As it can be seen in Figure 48-a, the wake shape is similar to a crankshaft due to the vertical 

movement of the platform. Figure 48-b shows the horizontal movement of the platform leads 

to pairing rings into one and shaping new rings with different strengths. The pitching case 

revealed a more perturbed and complex helical shape among the three separate motions. The 
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