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Abstract 

Analysing the structural response of offshore wind turbines (OWTs) requires a robust method 

to estimate environmental loadings associated with extreme weather conditions. This study 

aimed to accurately predict wind loadings on a non-rotating OWT using a Computational Fluid 

Dynamics (CFD) code, Ansys Fluent package. The inlet velocity boundary condition was 

defined as a uniform inlet wind speed and then as a Normal Wind Profile (NWP). Three large 

wind speeds of 25 m/s, 40 m/s and 50 m/s were tested with the aid of the RANS equations 

and the Shear Stress Transport (SST) turbulence model. A thorough mesh convergence study 

was conducted for both 2D and 3D simulations, and their results were assessed using the 

Richardson extrapolation method. Overall, the NWP method was found to produce larger 

wind forces and moments in comparison with the uniform wind speed conditions (on average 

52% and 63% higher, respectively), and its predictions were consistent with the estimations 

obtained using the simplified drag formula recommended by offshore standards (within 

approx. 7% difference for wind forces). This paper provided the preliminary steps towards 

investigating the structural integrity of OWTs under extreme weather conditions.  
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1. Introduction 

Due to its environmental-friendly nature against global warming [1], renewable energy 

consumption experienced a 15% annual increase rate between 2002 and 2017 [2]. However, since 

2020, the energy demand has undergone a tremendous contraction due to the impact of the COVID-

19 pandemic [3, 4]. For instance, compared to the 2015–2019 financial years, fossil fuel generation 

decreased by 28%, and nuclear energy generation decreased by 14% in 2020 [5]. Surprisingly, 

according to the International Energy Agency (IEA), the renewable energy sector has continuously 

increased even after the pandemic. The expansion of annual renewable energy capacity reached 45% 

(around 280 GW) in 2020, which is expected to take 90% of new power capacity expansion 

worldwide [6].  

As a critical component of renewable energy [7], wind energy is well-known for its massive 

capacity [7, 8] and vast potential for various applications [2, 9]. In 2020, global wind capacity 

additions reached 114 GW (>90% increase). While the pace of annual market growth has slackened 

in 2021 and 2022, it is still 50% higher than the 2017-2019 average [6]. For many years, onshore 

wind technology has been the main focus of the wind energy industry due to its cost-benefit [10, 

11]. Nevertheless, onshore wind turbine farms installed nearby large populated cities have recently 

influenced social acceptance due to their concern about noise and land limitation [12].  

To help ensure electricity supply meets demand and overcome the aforementioned concerns, 

researchers and technology developers in the energy sector have shifted their interest to offshore 

wind developments [11]. According to Ren et al. [11], offshore wind turbines account for 10% of the 

total wind installations worldwide and are estimated to expand by over 20% by the end of 2025. 

The motivation towards moving wind installations further offshore can be summaried as follows. (i) 

offshore wind sites can be located not far from major coastal cities with less noise and visual impacts 

making them viable options in comparison with inland wind sites [13]. (ii) compared to onshore 

wind, offshore wind has higher speed and lower wind shear, contributing to higher operating 

efficiency [12]. (iii) offshore platforms allow for large wind turbines to be installed with higher 

energy output [14]. 

Despite the expansion trend, the offshore wind industry still faces to a number of challenges such 

as the high Levelized cost of electricity (LCOE), weather conditions and innovation challenges [10, 

15]. It is therefore crucial to assess the optimal design/concept between bottom-mounted fixed and 

floating offshore wind turbines [15]. Given that the LCOE of fixed wind turbines substantially 

increases with the water depth, the Floating Offshore Wind Turbines (FOWTs) are perceived as a 

preferable design; due to their cost-efficiency for water depth over 60 m [15-17]. One important 

design aspect of FOWTs is the accurate prediction of the platform motions and mooring tensions 

associated with extreme weather conditions.  

Numerical codes and simulations have recently been developed as an essential method to 

analyse the performance of FOWTs, as they are less limited by the scale and cost compared to model 

testing facilities. Many studies have adopted numerical approaches for hydrodynamic and 
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aerodynamic problems related to FOWTs. For instance, Y. Zhao, Yang, and He [18] developed a 

preliminary design of a multi-column 5-MW Tension Leg Platform Wind Turbine (TLPWT) in which 

the Fatigue, Aerodynamic, Structures and Turbulence (FAST) code developed by the NREL’s National 

Wind Technology Center (NWTC) was used to predict the fully coupled motion of the TLPWT under 

several environmental conditions. Bae and Kim [19] developed a rotor-floater-tether coupled 

numerical model of the mono-column FOWT using CHARM3D, a generalised-coordinate-based 

Finite Element Method (FEM) program combined with FAST to solve the dynamic mooring response 

in time domain. Their study identified significant differences between coupled and uncoupled 

analysis, indicating the importance of considering coupling effects among turbines, platforms, and 

moorings. 

Hydrodynamic solvers such as ANSYS AQWA developed on the basis of the potential flow theory 

do not resolve wind/current loadings such that they are typically defined by the user. Furthermore, 

the platform motions, power generation, and mooring tensions of an FOWT are influenced by wind 

loadings, in particular with large wind speeds [20]. Karimirad and Moan [21] developed a simplified 

method of analysing wind loadings on the 5-MW wind turbine using wind thrust coefficients 

generated from the horizontal axis wind turbine simulation code (HAWC2). Similar methods were 

also applied by Wang, Ji, Xue, and Tang [22], who neglected the wind load on the tower and the 

floating foundation above the still water level (SWL). More recent techniques such as Computational 

Fluid Dynamics (CFD) could be used to predict the wind thrust of wind turbines. Bazilevs et al. [23] 

developed a CFD simulation of a full-scale 5-MW wind turbine rotor under a steady uniform inlet 

velocity. Sezer-Uzol and Uzol [24] investigated the rotor performance under normal and extreme 

wind shear profiles. A more realistic wind profile was adopted by da Silva et al. [25] which takes into 

account the wind fluctuations by using the exponential coherence model.  

While the current literature shows an increasing focus on defining accurate wind loadings on 

offshore wind turbines, most studies only investigated wind loading on operating wind turbines such 

that the scenario of the shut-down turbine “parked conditions” during extreme weather conditions 

remains less explored. Assessing the impact of extreme wind loadings on a non-rotating wind 

turbine is crucial, and closely related to the survivability and integrity of the whole structure. 

Additionally, limited research has considered wind loadings acting on the tower and the foundation 

freeboard of an OWT, which can contribute to the total wind force/moment under large wind 

speeds. In this paper, a non-rotating 5-MW offshore wind turbine’s aerodynamic behaviour is 

investigated by the CFD approach through ANSYS Fluent package based on a steady incompressible 

Reynolds-averaged Navier–Stokes (RANS) equations with the Shear Stress Transport (SST) 

turbulence model. The CFD analysis aims to accurately predict wind forces and moments acting on 

the wind turbine of the Offshore Wind Turbine (OWT) under different wind conditions. As a 

validation step, a 2D simulation of airfoil cross-sections of the turbine blade is first developed by 

comparing the predicted lift and drag coefficients with the published results by J. Jonkman et al. 

[26]. The CFD model is then expanded to perform CFD analyses of the 3D wind turbine model.  

The rest of the paper is structured as follows: Section 2 introduces the research methodology 

and the relevant theories and formulas used in the study, CFD model setup, settings, and mesh 

convergence studies. Section 3 presents and discusses the main CFD results of both 2D and 3D 

simulations. Finally, the main conclusions of our study are summarised in Section 4.  
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2. Materials and Methods 

The overall research steps are demonstrated in the flowchart below (Figure 1), which describes 

how to develop 2D/3D simulations to predict wind loading on an offshore wind turbine by applying 

the CFD approach. The accuracy of the 3D CFD analysis of the wind turbine was first validated 

through a 2D simulation, while the Richardson extrapolation method was applied for both 2D and 

3D mesh convergence studies. Two different inlet wind profiles (uniform and wind shear) were then 

investigated through CFD simulation. The results of 3D simulations were further verified through a 

simplified drag formula recommended by offshore standards such as the ABS MODU rules. 

 

Figure 1 Research methodology flowchart. 

This study treated the incompressible flow in the fluid domain as described by the RANS 

equations. The RANS equations divide the instantaneous velocity and pressure field terms into 

mean and fluctuating components. These two components are then calculated using the time-

averaged method while causing additional Reynolds stresses that need to be modelled. For defining 

the Reynold stress, the Shear Stress Transport (SST) turbulence model implemented in the CFD code 

is used, as the model combines the free-stream advantages of the k-ε model with the wall-bounded 

advantage of the k-ω model [27].  

2.1 2D Airfoil Simulations  

The aerodynamic performance of the wind turbine is highly dependent on the cross-sectional foil 

shape [28]. The NREL 5 MW wind turbine blades are composed of 6 airfoils containing a series of 

DU airfoils and NACA64 foil shapes (Figure 2). Along the blade, the root portion is approximately 

cylindrical in shape and generally transfers to the foil shape with a certain twisting angle to enhance 

the aerodynamic performance [23]. In order to validate the 2D CFD simulations, three 

representative airfoil profiles (DU40, DU25 and NACA64) were separately selected from the blade 

in the vicinity of its root (DU40), middle (DU25), and tip (NACA64). 
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Figure 2 Airfoil cross-section of NREL 5 MW baseline wind turbine (a) and selected three 

representative airfoils NACA64, DU25 and DU40 (b). Adapted from [23]. 

According to the designed blade-pitch control system of a 5 MW baseline wind turbine [26], the 

wind turbine blades vary the pitching angle from 0-23.47° under different weather conditions. Thus, 

the airfoils are simulated within the attacking angle range -25° to 25° so that all operating conditions 

can be covered. Taking the NACA64 airfoil as an example, the boundary conditions and the 

dimensions of the numerical domain are given in Figure 3 in which the chord length of the airfoil (L 

= 1 m) has been used to establish the size of the domain (15 m × 10 m).  

 

Figure 3 Computational domain of NACA 64 airfoil in ANSYS Fluent (L is the chord length 

of the airfoil = 1 m). 

2.2 Mesh Convergence Study for 2D Simulations  

The methodology proposed in ASME [29] are followed to apply the Richardson extrapolation in 

the mesh-independent study before the CFD analysis [30]. This paper selects the drag force as the 

standard variable to examine mesh convergence. Three different meshes with different cell counts 

are first generated with a certain expansion ratio  𝑟𝑖  (the mesh refinement levels, i.e., coarse, 

medium, and fine, are denoted by indices 1, 2, and 3, respectively). Then the converge ratio R can 

be defined as: 
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𝑅 = 𝜖21 𝜖32⁄ (1) 

𝜖21 = h1 − h2 (2) 

𝜖32 = h2 − h3 (3) 

where h1, h2, h3  are the simulation results corresponding to different mesh refinement levels 1, 2, 

and 3. 𝜖32, 𝜖21 are the solution differences between different mesh counts. R is the ratio of 𝜖21 and 

𝜖32 which reflects the convergency pattern of simulation results. When the monotonic convergence 

pattern is achieved (0 < 𝑅 < 1), the Richardson extrapolation method can be applied to define the 

convergence order (p) and extrapolation solution (𝐶𝑅).  

𝑝 =
ln(𝜖32 𝜖21⁄ )

ln(𝑟𝑖)
(4) 

𝛿 =
𝜖21

𝑟𝑖
𝑃 − 1

(5) 

𝐶𝑅 = ℎ3 − 𝛿 (6) 

where 𝛿 is the calculated extrapolating differences relative to the simulation result of the finest 

mesh refinement level. 𝐶𝑅 is the extrapolated solution. Finally, the extrapolated relative error (𝜖𝑅) 

for each mesh size can be determined as: 

𝜖𝑅 =
𝐶𝑖 − 𝐶𝑅

𝐶𝑅

(7) 

The Richardson extrapolation error can be used as an indicator to reflect the accuracy of the 

simulation with different mesh counts. A smaller error indicates a more precise result from the CFD 

analysis.  

As shown in Figure 4, three different levels of a surface mesh were generated for the NACA64 

airfoil with increasing mesh refinement namely coarse, medium and fine mesh, respectively. To 

ensure a fully resolved boundary layer, 32 inflation layers with a total thickness of 42.97 mm were 

applied while the y+ value was equal to 1.  

 

Figure 4 NACA64 airfoil mesh of three mesh refinement levels: coarse (a), medium (b) 

and fine (c). 
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The corresponding cell counts to coarse, medium and fine mesh levels are 27880, 37717 and 

51185, respectively. The extrapolated relative error of each mesh refinement level was calculated 

and summarised in Table 1. Level three i.e. fine mesh (51185 cells and 2 hours for the computational 

time) provided the least relative error of 0.46%, and hence, it has been selected as the final mesh 

for further analyses discussed hereafter. Following the same meshing setting to the other two 

airfoils, the cell counts of DU25 and DU40 are 56772 and 54238, respectively. The required Reynolds 

number of 2 × 106 was achieved by setting the uniform inlet wind velocity at 29.5 m/s to maintain 

consistency with the published data of J. Jonkman et al. [26]. 

Table 1 Mesh convergence study results of NACA64 airfoil. 

Mesh 

refinement 

level 

Cell 

count 

Drag 

force 

(N) 

Order of 

convergence 

p (-) 

Extrapolated 

solution 𝑪𝑹 

(N) 

Relative 

error (%) 

Computational 

time  

(hours) 

Coarse 27880 87.65   7.06 0.5 

Medium 37717 83.34 3.74 81.86 1.8 1 

Fine 51185 82.24   0.46 2 

2.3 3D OWT Simulations 

In this study, the geometry of the wind turbine is a full-scale version of the experimental model 

used in the investigation of Murfet and Abdussamie [31] which is closely based on the NREL 5 MW 

baseline offshore wind turbine [26]; refer to Table 2 for the main dimensions. The wind loading is 

assumed acting on the structure of the OWT above the SWL, while the incoming wind direction is 

normal to the wind turbine rotor plane. As seen in Figure 5, the model of the floating wind turbine 

primarily consists of three parts, namely the rotor, the tower and the freeboard section (11.2 m 

high). As the focus of this investigation is on the analysis of extreme wind conditions, the control 

mode of the wind turbine is in shut-down position (non-rotating) with a 0° blade pitching angle 

“parked condition”. 

Table 2 Full-scale parameters of the 5 MW turbine and tower. 

Parameter Value 

Tower height 90 m 

Tower bottom diameter 6 m 

Tower top diameter 3.87 m 

Rotor hub diameter 3 m 

Rotor diameter 126 m 

Turbine blade length 61.5 m 
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Figure 5 Experimental scaled model (a) and the equivalent full-scale 3D model (b). 

The wind turbine was modelled in the Autodesk Inventor and imported into the ANSYS package 

for CFD simulation. To ensure the accuracy of CFD simulation, it is essential to provide a sufficient 

size of the computational domain. Under 50 m/s uniform wind, the wind force acting on the OWT 

was calculated by increasing the upstream distance off the turbine from 1R to 4R (denoted as case 

1 through case 4) while the outlet boundary was kept at 6R downstream away from the rotor (R is 

the radius of the rotor = 63 m). As summarised in Table 3, the wind force on the OWT reduced by 

66.5 kN (approx. 4%) when the inlet boundary condition location relative to the model increased 

from 1R to 2R. Such a difference might be caused by the unstable inlet wind velocity for not being 

fully-developed due to the short distance between the inlet boundary condition and the model. 

Beyond 2R distance, the wind force was found to slightly change with increasing distance.  

Table 3 Verification of computational domain size of 3D wind turbine at wind speed of 

50 m/s. 

Case  
Upstream distance 

off the turbine (m) 

Downstream 

distance off the 

turbine (m) 

Cell count 
Wind force 

(kN) 

Relative 

difference with 

case 1 (%) 

1 63 (1R) 378 (6R) 4301359 1663.39 - 

2 126 (2R) 378 (6R) 4328735 1596.93 -4 

3 189 (3R) 378 (6R) 4349267 1597.95 -4 

4 252 (4R) 378 (6R) 4367392 1596.35 -4 

As a result, the final computational domain was determined as a function of the rotor radius R 

(see Figure 6) with 4R in width, 3R in height, and 8R in length (2R upstream and 6R downstream). In 

the boundary condition settings, the inlet and outlet faces were parallel to the rotor plane, which 

makes the air flow normally towards the turbine. The other four side faces were defined as 

symmetry planes such that they did not influence the air flow. Additionally, no backflow was 

considered during the simulation, hence, a non-reversed outlet boundary condition was applied. 
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Figure 6 Computational domain of 3D wind turbine in ANSYS Fluent (R is the radius of 

the rotor = 63 m). 

2.4 Inlet Wind Velocity for 3D Simulations  

This study investigates two types of wind profiles while analysing the wind loading on the non-

rotating wind turbine. The wind direction is set directly toward the wind turbine with a 0° yaw angle. 

The uniform free-stream wind profile is applied in the first case including three different wind 

speeds: the wind turbine cut-off wind speed at 25 m/s, the large offshore wind speed at 40 m/s, 

and the typical offshore storm wind speed at 50 m/s. With this case, a constant inlet velocity, the 

location of the centre of pressure on the OWT can be verified with the centre of the projected area 

using the Autodesk Inventor modelling software. 

For the second simulation case, the normal wind profile model (NWP) is applied in which the 

wind speed increases with the height from the SWL. The wind speed 25 m/s, 40 m/s and 50 m/s are 

set as the wind speed at a reference height of 10 m above sea level where is The wind profile can 

be expressed by the power law [32]: 

𝑉ℎ = 𝑉𝑟𝑒𝑓 (
𝑧

𝑧𝑟𝑒𝑓

)

𝛼

(8) 

where 𝑉ℎ is the average wind speed at height 𝑧 above the SWL. 𝑉𝑟𝑒𝑓 is the wind speed at reference 

height. 𝑧𝑟𝑒𝑓
 is the reference height 10 m above the SWL. 𝛼 is 0.11 for most open sea states [33].  

2.5 Mesh Convergence Study for 3D Simulations 

Similar to the 2D analysis, the Richardson extrapolation method was applied for the 3D wind 

turbine mesh converge study. The course, medium and fine structural mesh were created with a 

1.25 expansion ratio of nodes number by adjusting the face size and the meshing curvature angle. 

During the mesh convergence study, a uniform wind speed of 50 m/s was set at the inlet boundary 

condition. The wind drag force was selected as the reference parameter to assess the influence of 

the mesh refinement level on the CFD solution. Figure 7 (a) demonstrates a monotonic converge 
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pattern of the wind force with increasing cell counts identified (see Table 4). The simulation’s 

extrapolated error decreases with a higher refinement level as shown in Figure 7 (b). 

 

Figure 7 The simulated wind force of different mesh refinement levels (a) and 

extrapolated error of simulation with varying counts of mesh calculated through 

Richardson extrapolation method (b). 

Table 4 Mesh convergence study results of 3D OWT. 

Mesh 

refinement 

level 

Cell count 
Drag force 

(N) 

Order of 

convergence 

p (-) 

Extrapolated 

solution 𝑪𝑹 

(N) 

Relative 

error (%) 

Computional 

time (hours) 

Coarse 3513830 1609489.46   0.98 15 

Medium 4328735 1596925.32 6.28 1594197.735 0.19 26 

Fine 5615110 1594473.88   0.035 72 

Table 4 summarises the results of the mesh convergence study in which the order of convergence 

was defined as 6.28, and the extrapolated wind force was 1594.2 kN. It can be seen that the most 

refined mesh provided the most accurate result with only 0.035% relative error. Considering the 

computational time, the medium mesh size was chosen as the final mesh to save computational 

power while maintaining an overall accuracy with only 0.19% error. 

During the final meshing, y+ = 1 was used in boundary layer meshing, resulting in 35 inflation 

layers with a total thickness of 128.8 mm. By applying the medium mesh refinement settings, the 

final mesh of the numerical domain contained 4.3 million cells. Figure 8 shows close up views of the 

mesh details throughout the domain and around the rotor hub and the turbine blades.  



JEPT 2023; 5(1), doi:10.21926/jept.2301008 
 

Page 11/18 

 

Figure 8 Final mesh of 3D OWT (a), the zoomed-in part meshing of rotor hub (b) and 

zoomed-in section meshing of the turbine blade (c). 

2.6 3D Model Verification 

For a comprehensive analysis of the wind loads acting on the offshore wind turbine, the CFD 

predictions were compared with the estimations obtained using a simplified drag formula based on 

relevant design codes for offshore structures such as API and the ABS MODU rules, where the 

topside of a platform is treated as 2D blocks by defining the projected area normal to the incoming 

wind. The wind force, 𝐹𝑤, acting on a 2D object located above the SWL can be estimated as [33]: 

𝐹𝑤 = 0.5𝐶𝑠 ⋅ 𝐶ℎ ⋅ 𝜌 ⋅ 𝑉2 ⋅ 𝐴 (9) 

where the 𝜌 is the density of the air (𝜌 = 1.222 kg/m3), 𝑉 is the free-stream wind velocity at the 

reference height (Zref = 10 m). 𝐶𝑠 is the shape coefficient of the object, 𝐶ℎ is the height coefficient 

typically given as a function of the vertical distance from the SWL to the centroid of the object, and 

𝐴 is the projected area of the object exposed to the wind action.  

𝐶𝑠 and 𝐶ℎ can be obtained from relevant design codes such as API and the ABS MODU rules. As 

shown in Figure 9, the wind turbine composes of several blocks of different heights above the SWL, 

as denoted by the height and the assigned 𝐶ℎ values. The wind force acting on each block (e.g., 

blades, tower, freeboard) has been estimated, and then the total wind force and moment on the 

whole structure were obtained. 
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Figure 9 Height coefficients applied in wind loading estimations. 

3. Results and Discussion 

3.1 2D Validation Results 

The CFD results of the lift and drag coefficients of DU40, DU25 and NACA64 foil shapes are 

compared with the published results of J. Jonkman et al. [26] in Figure 10. The CFD predictions show 

good agreement with the published data for the tested range of the angle of attack up to the foils 

reaching stall. For the post-stall condition of DU25 and NACA64 airfoil, CFD was found to 

overestimate the lift coefficient by about 6%, while the drag coefficient was overestimated by about 

36%. The reduction in the accuracy of CFD simulations in the post-stall operation range can be 

explained by the fact that the RANS turbulence model cannot capture the full turbulence flow 

details [34]. 

 

Figure 10 Comparison between CFD and AeroDyn results of 2D airfoils for lift coefficient 

(a) and drag coefficient (b). 
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Overall, the CFD model is suitable for analysing the foil sections under a low pitching angle. Since 

the wind turbine investigated in this study is under “shut-down” mode with 0° pitching angle, CFD 

predictions are acceptable. 

3.2 3D OWT Results 

As previously mentioned, the CFD simulation was produced by employing the steady 

incompressible RANS equations with the SST turbulence model. According to the different inlet wind 

speeds tested, the Reynolds number was estimated in the range from 5.92 × 106 to 1.18 × 107. Figure 

11 shows, as an example, velocity vectors and pressure contours associated with the 50 m/s wind 

speed using both methods i.e. the uniform wind speed and the NWP techniques, see Figure 11 (a) 

and (b). Figure 11 (c) demonstrates the air pressure is evenly distributed along the OWT. Figure 11 

(d) on the other hand shows a relatively low pressure at the bottom of the wind turbine and higher 

pressure at the turbine blade, which is consistent with the wind profile shown in Figure 11 (b) i.e. 

the wind velocity increases with the height. 

 

Figure 11 Air velcocity vectors and pressure contours along OWT for wind speed of 50 

m/s: vecolcity vectors under uniform wind speed (a), vecolcity vectors under normal 

wind profile, NWP (b), pressure distribution under uniform wind speed (c) and pressure 

distribution under normal wind profile, NWP (d). 

The CFD results of wind forces predicted using the uniform wind speed and the NWP techniques 

are summarised in Table 5. The wind forces acting on the OWT under a constant wind speed of 25 

m/s, 40 m/s and 50 m/s are 403.98 kN, 1022.69 kN and 1596.93 kN respectively, whilst the wind 
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forces increases to 616.19 kN, 1562.88 kN and 2439.87 kN when the NWP technique was applied 

(on average a 52.7% increase). Finally, the wind forces estimated by the simplified drag formula 

recommended by the ABS MODU rules (Eqn. 9) were in good agreement with the CFD results for 

the NWP cases such that CFD predictions slightly overestimate wind forces by approximately 6.4% 

which can be attributed to the contribution from the frictional force component (being neglected 

in the simplified drag formula). 

Table 5 Wind force results using different methods. 

Method Wind speed (m/s) Wind force (kN) 
Relative difference to 

uniform velocity results (%) 

Uniform Wind 

Velocity 

25 403.98 - 

40 1022.69 - 

50 1596.93 - 

Normal Wind Profile 

(NWP) 

25 616.19 52.5 

40 1562.88 52.8 

50 2439.87 52.8 

ABS MODU formula 

(Eqn. 9) 

25 568.85 40.8 

40 1456.26 42.4 

50 2327.54 45.8 

The position of the wind pressure centre along the OWT was estimated by taking the average 

value of the CFD force results of different wind speeds. As seen in Figure 12, the pressure centre is 

84.58 m above the SWL under the uniform wind speed condition, shifting to 90.54 m above the SWL 

(approx. 7% higher) when the NWP technique was applied. The accuracy of the CFD simulation 

results of the pressure centre of wind forces were further validated through the Autodesk Inventor 

by considering the centroid of the OWT area subjected to the wind action, and it was estimated as 

83.2 m, which is quite close (as expected) to the pressure centre value obtained under the uniform 

wind velocity condition (with only a 1.63% difference). Table 6 summarises the results of the 

pressure centre and the overturning/pitching moment of the OWT about the SWL. The overturning 

moment was simply estimated by multiplying the wind force by the distance between the centre of 

pressure and the SWL. 
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Figure 12 Location of wind pressure centre of OWT relative to the SWL under different 

inlet wind conditions. 

Table 6 Results of wind pressure centre relative to the SWL and the resultant 

overturning moment. 

Method 
Reference wind 

speed (m/s) 

Centre of pressure 

above the SWL (m) 

Wind force 

(kN) 

Overturning moment 

about the SWL (kN.m) 

Uniform velocity 

25 84.64 403.98 34192.87 

40 84.83 1022.69 86754.79 

50 84.27 1596.93 134573.29 

Normal wind 

profile (NWP) 

25 90.67 616.19 55869.95 

40 90.39 1562.88 141268.72 

50 90.55 2439.87 220930.23 

4. Conclusions 

This paper investigated the CFD prediction of wind loadings on a non-rotatiting OWT under 

extreme wind conditions through the ANSYS Fluent CFD package. The CFD analysis was based on 

the RANS equations with the SST turbulence model. The Richardson extrapolation method was 

adopted for the mesh convergency study for both 2D and 3D CFD analyses. This resulted in a final 

mesh of approximately 4.3M cells for the 3D wind turbine. Three extreme wind speeds of 25 m/s, 

40 m/s and 50 m/s were tested, and two types of inlet wind profiles, namely a uniform inlet wind 

speed and a normal wind profile (NWP), were applied for the simulation at each inlet wind velocity. 

Wind forces and moments were the main output parameters predicted by the CFD code. 

Furthermore, the position of the pressure centre of OWT was also estimated by taking the average 

value of the CFD simulation results of different wind speeds. The main findings of this study are: 

● The accuracy of the 3D CFD analysis of the wind turbine was first developed through a 2D 

simulation of the airfoil cross-section verified against published results, and very good 

agreement was achieved. This step was essential to establish an appropriate CFD modelling 

for the predictions of wind loadings. 
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● The predicted wind forces caused by the uniform wind speed of 25 m/s, 40 m/s and 50 m/s 

were 403.98 kN, 1022.69 kN and 1596.93 kN, respectively. On the other hand, the predicted 

wind forces obtained by the NWP method were 616.19 kN, 1562.88 kN and 2439.87 kN. On 

average, there was a 52.7% increase in wind forces when the NWP method was used. This 

suggested that the NWP method should be adopted during the structural analysis of OWT. 

● The simplified drag formula recommended by the API/ABS produced force estimations that 

were consistent with the CFD predictions obtained by the NWP method (slightly large with 

approx. 7% difference) suggesting that the recommended drag formula can be utilized to 

verify CFD predictions should no experimental data of 3D OWT be available. 

● For the position of the wind pressure centre of the OWT, its location was approximately 84.58 

m above the SWL under the uniform wind speed condition, whilst it was estimated as 90.54 

m above the SWL using the NWP method (approx. 7% higher). Such a discrepancy can be 

attributed to the difference in the wind profile and the corresponding force distribution along 

the OWT components.  

The particular significance of this study lay in the accurate prediction of wind loads on the OWT 

under shut-down mode “parked condition” using the CFD techniques. The findings of this study can 

be an important milestone towards detailed analyses of the OWT’s reliability and safety under 

extreme weather conditions. Additionally, the outcomes of this paper can be regarded as the 

foundation for future research to investigate the hydrodynamic and aerodynamic performance of 

floating OWTs under combined extreme weather conditions. 
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