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The aerodynamic simulations of wind turbines are typically carried out using a steady inflow 12 
condition. However, the aerodynamics and aeroelasticity of wind turbine blades can be 13 

significantly affected by inflow wakes due to the environmental conditions or the presence of 14 
neighbouring wind turbines. In this paper, the effects of flow unsteadiness on the aerodynamics 15 
and aeroelasticity of the wind turbine rotor are investigated. It is found that the unsteadiness of 16 
the wake can have an impact on the aerodynamic flow field around the wind turbine rotor and 17 
it could also influence the aeroelasticity of the wind turbine. One of the distinctive features of 18 

this paper is the application of the highly efficient nonlinear frequency domain solution method 19 
for modelling harmonic disturbances for the aerodynamic and aeromechanical analysis of wind 20 

turbines. A test case wind turbine is selected for the aerodynamic and aeromechanical analysis 21 
as well as for the validation of the method used. The effects of different material properties 22 

along with a large vibration amplitude on the aeroelasticity parameter known as aerodynamic 23 
damping of the wind turbine blade are also investigated in the present work. Compared to the 24 
conventional time domain solution methods, which require prohibitively large computational 25 

cost for modelling and solving aerodynamics and aeroelasticity of wind turbines, the proposed 26 

frequency domain solution method can reduce the computational cost by one to two orders of 27 
magnitude.  28 
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1. INTRODUCTION 37 
 38 
Wind turbines are affected by the dynamic loading over the entire life cycle. The sizes of the 39 

wind turbines are being increased to meet the demands of clean energy produced from 40 

renewable energy resources. Technical advances and significant efforts made over the last 41 
decade have led to offshore wind turbines with considerably longer blades to capture the wind 42 
energy more effectively and efficiently. As a result, aeroelastic instabilities such as flutter are 43 

becoming the common problems linked to the structural failures of wind turbine blades [1]. 44 
The objective of this paper is to numerically investigate the aerodynamics and aeroelasticity of 45 

the wind turbine blades taking various sources of flow unsteadiness into account using a high-46 
fidelity computational method at an affordable computational cost. 47 
 48 
A fluid-structure interaction (FSI) method coupling the fluid solver and the structure solver is 49 
required to solve the aeroelasticity problems. Specialist wind turbine simulation codes which 50 
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employed the blade element momentum (BEM) method [2] are typically used to design and 51 

analyse the aerodynamics of most wind turbines due to the advantage of fast computation. Lin 52 
et al. [3] studied the nonlinear aeroelasticity of wind turbine blades using BEM theory and 53 
mixed-form formulation of geometrically exact beam theory (GEBT). Fernandez et al. [4] 54 

proposed a methodology for the aeroelasticity analysis of a wind turbine blade based on BEM 55 
and Finite Element (FE) models. Likewise, Rafiee et al. [5] conducted an aeroelastic analysis 56 
of a wind turbine blade coupling the BEM and FE methods. In these studies, the aerodynamic 57 
loads are obtained from the BEM models. Although the BEM models are computationally fast 58 
and efficient, they are incapable of capturing flow structures and flow details which results in 59 

a lack of understanding on the aerodynamics of wind turbines. Therefore, a high-fidelity 60 
computational model is required to capture the necessary flow details. 61 
 62 
The vortex models employing prescribed-wake methods or free-wake methods are also used to 63 
model and analyse the wake structures and aerodynamics of wind turbines. Lee et al. [6] used 64 

an unsteady vortex-lattice method to investigate the aerodynamic performance and wake 65 
structures of a wind turbine. Riziotis et al. [7] and Jeong et al. [8] applied a free-wake model 66 

to study the aerodynamics and aeroelasticity of wind turbine blades under different conditions. 67 
Rodriguez et al. [9-10] also proposed a coupled aeroelastic free-vortex method for the 68 
aeroelasticity analysis of offshore wind turbines. The vortex models can better predict the wake 69 
and unsteady flow compared to the BEM models. However, the viscous effects are neglected 70 

by most vortex models which limits their applications for the aerodynamics and aeroelasticity 71 
of wind turbines to a certain extend. Furthermore, the vortex models are computationally more 72 

expensive than the BEM models. 73 
 74 
Computational Fluid Dynamics (CFD) methods, either based on Reynolds Averaged Navier-75 

Stokes (RANS) equations for steady simulations or Unsteady Reynolds Averaged Navier-76 
Stokes (URANS) equations for unsteady simulations, are widely used in the wind energy 77 

industry to optimise the performances of wind turbines due to their capabilities of modelling 78 
steady and unsteady flows and accurately predicting flow behaviours [11-13]. CFD methods 79 

are also coupled with a structural model to study fluid-structure interactions and aeroelasticity 80 
of wind turbines. Lin et al. [14] proposed an FSI modelling method for the wind turbine blade 81 
using CFD and FE models and calculated its structural responses such as stress distribution and 82 
blade tip deflections. Likewise, Dai et al. [15] analysed the aeroelasticity of wind turbine blades 83 

under different yaw conditions using CFD and FE models. Dong et al. [16] developed a coupled 84 
CFD and Computational Structural Dynamics (CSD) method based on the URANS model to 85 
predict unsteady aerodynamic loads on the wind turbine blade and its time-varying aeroelastic 86 
responses. Similarly, Dose et al. [17-18] employed a coupled CFD-CSD model to perform FSI 87 
simulations of wind turbines. The main disadvantage of the CFD methods is their large 88 

computational resources requirement [19-20]. Significant computational resources and long 89 
runtimes are typically required by the URANS computations. 90 

 91 
Based on the above literature review, it is clear that the computational cost of high-fidelity 92 
aerodynamic and aeroelasticity simulations remains the main challenge for the industry not 93 
only for wind turbines but also for other turbomachines. Numerous studies have been 94 
conducted over the last decade with the purpose of developing efficient numerical methods 95 

which can reduce the computational cost. A time-linearized harmonic frequency-domain 96 
method is one of the outcomes and it was widely used in the turbomachinery industry [21-22]. 97 
This method was later replaced by the harmonic balance method of Hall et al. [23], the phase 98 
solution method of He [24], and Rahmati et al. [25-26] for modelling harmonic disturbances 99 
and flow nonlinearities. Rahmati et al. [27] developed a nonlinear frequency domain solution 100 
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method for the aeroelasticity analysis of multiple blade row configurations. It is found that a 101 

fully coupled multiple blade row model yields better accuracy in predicting flutter behaviour 102 
of the turbomachines than the simplified isolated one [28]. Although frequency domain 103 
methods are typically used for the aeromechanical analysis of turbomachinery applications, 104 

only a few studies recently applied these methods to wind turbine applications [29-34]. This 105 
has motivated the authors to seek an efficient numerical method employing a frequency domain 106 
method for the aerodynamic and aeroelasticity simulations of wind turbines at an affordable 107 
computational cost without compromising accuracy in predicting unsteady flows. Therefore, 108 
the nonlinear frequency domain solution method, developed by Rahmati et al. [27-28], which 109 

has been validated and revealed that this method can not only predict aerodynamics and 110 
aeroelasticity of multi-stage turbomachines accurately but also reduce the computation time 111 
significantly, is extended in this paper to be applied to the aerodynamic and aeromechanical 112 
simulations of wind turbines. 113 
  114 

The MEXICO (Model Rotor Experiments In Controlled Conditions) Experiment wind turbine 115 
[35-38], is selected to be studied in the present work. First, the aerodynamic analysis of this 116 

wind turbine is conducted by generating inflow wakes and analysing their effects on the 117 
unsteady flow field. The aeromechanical analysis of this wind turbine is then performed. The 118 
frequency domain solution method is used in this study and it is validated against the 119 
conventional time domain solution method.  120 

 121 
This paper is structured as follows: Section (2) describes the selected MEXICO-Experiment 122 

wind turbine. The numerical methodology which includes the employed computational 123 
method, the computational domain and grid for the CFD simulations and the generation of the 124 
inflow wakes are explained in section (3). The numerical results are discussed in section (4) 125 

and the key findings are summarised in the conclusions section. 126 
 127 

2. THE MEXICO-EXPERIMENT WIND TURBINE 128 
 129 

The MEXICO Experiment is a wind tunnel experiment that was performed in the German-130 
Dutch Wind Tunnel (DNW) [35-38]. The blade is 2.04 m long and the rotor diameter is 45 m. 131 
Numerical simulations have also been conducted previously on this wind turbine [39-43]. The 132 
wind speed and the rotational speed selected in this study are 15 m/s and 424.5 RPM, 133 

respectively, and the blade pitch angle is -2.3 degrees. The proposed nonlinear frequency 134 
domain solution method is employed for both aerodynamic and aeromechanical analysis of this 135 
wind turbine. Due to the lack of experimental data or previous studies for the types of analysis 136 
discussed in this paper, the conventional time domain solution method is used for validation 137 
purposes. For the aeromechanical analysis, the modal analysis is conducted before the flow 138 

simulation and the natural frequencies and the structural mode shapes are extracted from the 139 
modal analysis. To investigate the effect of material properties on the aeroelasticity of the 140 

blade. two different materials are considered and used in this study. The first one is an 141 
Aluminium Alloy with a density of 2770 kg/m3, a Young’s modulus of 7.1E+10 Pa, and a 142 
Poisson ratio of 0.27 to be similar to the one used in the experiment. The other one is a 143 
composite material, approximated by the orthotropic material properties as presented in Table. 144 
1, as modern wind turbines are designed using composite materials which can reduce weight. 145 

It should be noted that the main purpose of this analysis is to investigate the effect of material 146 
properties on the aeroelasticity parameter, especially aerodynamic damping, of the blade. The 147 
material properties used in this paper are approximations and may not necessarily represent the 148 
actual properties used for commercial wind turbine blades. 149 
 150 



4 

 

Table 1. Orthotropic material properties of the composite material used in the paper 151 

Density (kg/m3) 1550 

Young's Modulus-X (Pa) 1.1375E+11 

Young's Modulus-Y (Pa) 7.583E+09 

Young's Modulus-Z (Pa) 7.583E+09 

Poisson's Ratio-XY 0.32 

Poisson's Ratio-YZ 0.37 

Poisson's Ratio-XZ 0.35 

Shear Modulus-XY (Pa) 5.446E+09 

Shear Modulus-YZ (Pa) 2.964E+09 

Shear Modulus-XZ (Pa) 2.964E+09 

 152 
3. NUMERICAL METHODOLOGY 153 
 154 

3.1 Computational Method 155 
 156 
In this paper, the CFD method is used for aerodynamic computation. For the modelling and 157 

simulation of the FSI problem, the modal coupling method is employed. With this method, the 158 
modal analysis needs to be conducted prior to the flow simulation to calculate the natural 159 
frequencies and the mode shapes of the blade structure. These information are then imported 160 
into the flow simulation to define the blade vibration in the CFD analysis. The modelling and 161 

computation of the unsteady flow due to fluid-structure interactions are all performed in the 162 
CFD environment. The details of the employed numerical method are described below. 163 

 164 
3.1.1 Flow Governing Equations 165 
 166 

The aerodynamic simulation is performed by a three-dimensional, density-based, structured, 167 

and multi-block finite volume CFD method. The flow is governed by Navier-Stokes equations 168 
and the general Navier-Stokes equations written in a Cartesian frame can be expressed as: 169 
 170 
𝜕

𝜕𝑡
∫ 𝑈𝑑Ω +  ∫ �⃗�𝐼𝑆Ω

 . 𝑑𝑆 + ∫ �⃗�𝑉𝑆
 . 𝑑𝑆 =  ∫ 𝑆𝑇𝑑Ω

Ω
        (1) 171 

 172 
where Ω is the volume, S is the surface, U is the vector of the conservative variables, ST is the 173 

source term, and �⃗�𝐼and �⃗�𝑉are the inviscid and viscous flux vectors, respectively. URANS 174 
model is employed in this study and the standard Spalart-Allmaras model is used for the 175 
turbulence model. The above equation can be simply expressed in a semi-discrete form as [25-176 
28]: 177 

 178 
𝜕

𝜕𝑡
(𝑈) = 𝑅(𝑈)           (2) 179 

 180 

where R is the lumped residual and the source term. Traditionally, the Navier-Stokes equations 181 
are solved in a CFD solver at every time-step in the time domain. This method is referred to as 182 
the time domain method in this paper.  183 
 184 
3.1.2 Frequency Domain Solution Method 185 

 186 
In wind turbine aerodynamics and aeroelasticity, the unsteadiness of the flow can be associated 187 
with the inflow wake or the blade deflection, which are periodic in time. With the frequency 188 

domain solution method, the conservative flow variables from the Navier-Stokes equations can 189 
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be decomposed into the time-averaged and the unsteady fluctuations. Therefore, the unsteady 190 

conservative flow variables subject to the source of flow unsteadiness can be represented by 191 
the Fourier series for a prescribed fundamental frequency, ω, which can be related to the inflow 192 
wake frequency or the blade vibration frequency, and the specified number of harmonics, m, 193 

as expressed in Eq. (3). 194 
 195 

𝑈 =  �̅� +  ∑ [𝐴𝑈 sin(𝑚𝜔𝑡) + 𝐵𝑈 cos(𝑚𝜔𝑡)]𝑀
𝑚=1        (3) 196 

 197 

where �̅�, 𝐴𝑈, and 𝐵𝑈 are the Fourier coefficients of the conservation variables. The number of 198 
harmonics or the order of Fourier series is an input of the applied numerical method, and the 199 

accuracy and resolution of the unsteady flow solution can be controlled through the order of 200 
Fourier series. Substituting this Fourier decomposition (i.e. Eq. (3)) into the Navier-Stokes 201 
equation (i.e. Eq. (2)) yields a new set of unsteady Navier-Stokes equations in the frequency 202 
domain as follow: 203 

 204 

𝜔 ∑ [𝑚𝐴𝑈 cos(𝑚𝜔𝑡) − 𝑚𝐵𝑈 sin(𝑚𝜔𝑡)]𝑀
𝑚=1 = 𝑅       (4) 205 

 206 
With the frequency domain solution method, these new set of Navier-Stokes equations are 207 
solved in the frequency domain. The unsteady period is equally divided into N = (2m+1) time 208 

levels and the system of nonlinear equations coupling all N time levels are solved iteratively.  209 
 210 
As the sources of flow unsteadiness discussed in this paper are based on a periodic inflow or 211 

periodic blade displacement, the fundamental mode (one harmonic) is considered enough and 212 
therefore, Eq. (3) and Eq. (4) are re-written using one harmonic as: 213 
 214 

𝑈 =  �̅� + [ 𝐴𝑈 sin(𝜔𝑡) + 𝐵𝑈 cos(𝜔𝑡)]           (5) 215 
 216 

𝜔[𝐴𝑈 cos(𝜔𝑡) −  𝐵𝑈 sin(𝜔𝑡)] = 𝑅        (6) 217 
 218 

At three distinctive temporal phases, Eq. (5) can be written as follows: 219 
 220 

𝑈0 =  �̅� +  𝐵𝑈  ωt = 0                 (7.a) 221 

𝑈𝜋/2 =  �̅� +  𝐴𝑈  ωt = π/2                (7.b) 222 

𝑈−𝜋/2 =  �̅� −  𝐴𝑈  ωt = -π/2                (7.c) 223 

 224 

The three Fourier coefficients - �̅�, 𝐴𝑈, and 𝐵𝑈 – can be calculated based on the above three 225 
equations. Substituting these coefficients into Eq. (6) at the three phases yields the following 226 

equations: 227 
 228 

𝜔 (
𝑈𝜋/2− 𝑈−𝜋/2

2
) −  𝑅0 = 0                  (8.a) 229 

𝜔 (𝑈0 − 
𝑈𝜋/2+ 𝑈−𝜋/2

2
) +  𝑅𝜋/2 = 0                 (8.b) 230 

𝜔 (𝑈0 − 
𝑈𝜋/2+ 𝑈−𝜋/2

2
) −  𝑅−𝜋/2 = 0                 (8.c) 231 

 232 

These new sets of Navier-Stokes equations are simultaneously solved by a CFD solver in a 233 
similar way to that of the steady-state equations with the extra term being treated as a source 234 
term [25-28], thereby saving the computation time significantly compared to the conventional 235 
time domain method. A central scheme is used for the spatial discretization which is based on 236 
a cell centred control volume approach and a four-stage Runge–Kutta scheme is used for the 237 
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temporal discretization. The flow solution obtained from the frequency domain solution 238 

method can be reconstructed in time to have the unsteady periodic flow in time history.  239 
 240 
This method belongs to a family of frequency domain methods such as the harmonic balance 241 

method of Hall et al. [23] and the phase solution method of He [24]. Moreover, the proposed 242 
nonlinear frequency domain solution method is initially developed by Rahmati et al. [25-28] 243 
for the aeromechanical analysis of multi-stage turbomachines and this method is now extended 244 
to be applied to wind turbines. The readers are referred to the aforementioned studies for the 245 
fundamental formulation and implementation of the frequency domain methods. 246 

 247 
3.1.3 Fluid-Structure Interaction 248 
 249 
The modal coupling method is employed in this paper in order to integrate the blade vibration 250 
in the flow simulation to perform the aeromechanical simulation of the wind turbine. The modal 251 

analysis using a structure solver is required before conducting the flow simulation to calculate 252 
the natural frequencies and the mode shapes of the structure. 253 

 254 
The solid mechanics of a structure is governed by the following equation: 255 
 256 

[𝑀]
𝜕2�⃑�

𝜕𝑡2 + [𝐶]
𝜕�⃑�

𝜕𝑡
+ [𝐾]𝑑 = 𝑓         (9) 257 

 258 

where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, 𝑑 is the 259 

displacement of the structure, and 𝑓 is the external load.  260 

 261 
The global displacement of the structure can be written as: 262 

 263 

𝑑 = ∑ 𝑞𝑖 �⃑⃑�𝑖
𝑛𝑚𝑜𝑑𝑒𝑠
𝑖=1                     (10) 264 

 265 

where 𝑞𝑖 is the generalised displacement and �⃑⃑�𝑖 is the mode shapes of the structure normalised 266 

by the mass. 267 
 268 

Eq. (10) can be written in matrix form as: 269 
 270 

𝑑 = [𝜙]�⃑�                      (11) 271 
 272 

Substituting Eq. (11) into Eq. (9) and multiplying with [𝜙]𝑇 yields the following equation. 273 

 274 

[𝜙]𝑇[𝑀][𝜙]
𝜕2�⃑⃑�

𝜕𝑡2
+ [𝜙]𝑇[𝐶][𝜙]

𝜕�⃑⃑�

𝜕𝑡
+ [𝜙]𝑇[𝐾][𝜙]�⃑� = [𝜙]𝑇𝑓                (12) 275 

 276 
Using mass-normalised mode shapes should satisfy that the generalised mass matrix is the unit 277 

matrix (i.e. [𝜙]𝑇[𝑀][𝜙] = [𝐼]) and the generalised stiffness matrix is a diagonal matrix in 278 

which the elements are the square of the mode frequency (i.e. [𝜙]𝑇[𝐾][𝜙] = 𝑑𝑖𝑎𝑔[𝜔𝑖
2]). 279 

Furthermore, assuming a Rayleigh damping, the generalised damping matrix can be expressed 280 

as: [𝜙]𝑇[𝐶][𝜙] = 𝑑𝑖𝑎𝑔[2𝜉𝑖𝜔𝑖], where 𝜔𝑖 is the natural frequencies of the structure and 𝜉𝑖 is 281 

the damping coefficient [44,45]. 282 
 283 
Substituting them into Eq. (12) and expressing the system for every mode i yields the following 284 
equation: 285 
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 286 
𝑑2𝑞𝑖

𝑑𝑡2
+ 2𝜉𝑖𝜔𝑖

𝑑𝑞𝑖

𝑑𝑡
+ 𝜔𝑖

2𝑞𝑖 = �⃑⃑�𝑖

𝑇
𝑓                  (13) 287 

 288 
 289 
Prior to the flow simulation, the modal analysis needs to be performed first. A structure code 290 

using a Finite Element Analysis (FEA) method is used for the modal analysis to compute the 291 
natural frequencies and the mode shapes of the structure. Then, these information are imported 292 
into the flow simulation for the blade vibration.  293 
 294 

The generalised displacement 𝑞𝑖 must be specified for the considered amplitude of deformation 295 

and it can be written as: 296 
 297 

𝑞𝑖(𝑡) = �̅� + 𝑞𝐴 cos(𝜔𝑖𝑡)                               (14) 298 

 299 

where �̅� and 𝑞𝐴 are the mean value and amplitude of the displacement, respectively. Having 300 

this information, the flow solver computes the deformation of the structure by solving Eq. (10) 301 
and solves the Navier-Stokes equations using the deformed blade.  302 
 303 

The flow chart of the employed FSI computation is presented in Fig. 1. Steady simulation is 304 
first performed, and the steady solution is defined to be the initial condition in the unsteady 305 
simulation. Before conducting the unsteady simulation, the natural frequencies and the mode 306 

shapes of the blade structure, obtained from the modal analysis in an FEA environment, need 307 
to be imported into the flow solver. Afterwards, together with the specified time-averaged and 308 

amplitude of the generalised displacement, the flow solver computes the generalised 309 
displacement q using Eq. (14). Based on the generalised displacement, the flow solver then 310 
computes the total deformation of the blade structure and deforms the mesh. Using the 311 

deformed blade, the CFD analysis is performed by solving the Navier-Stokes equations. In the 312 

case of the time domain solution, these steps are performed at every time step until the flow 313 
solution reaches steady and periodic condition. On the other hand, with the frequency domain 314 
solution, the unsteady period is equally divided into N = (2m+1) time levels and the system of 315 

nonlinear equations coupling all N time levels are solved iteratively in a similar way to that of 316 

the steady-state equations with the extra term being treated as a source term. The frequency 317 
domain solution can also be reconstructed in time to have the flow solution in time history. 318 
Unsteady flow characteristics are calculated and produced from the analysis. Pressure 319 
distributions on the blade surfaces are particularly calculated which is used to calculate the 320 
forces and aerodynamic power acting on the blade structure. 321 

 322 
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 323 
(a) 324 

 325 
(b) 326 

Figure 1. (a) Flow chart of the modal coupling FSI method and (b) the flow solution of the 327 

frequency domain solution method using one harmonic 328 
 329 

3.1.4 Boundary Conditions  330 
 331 
The solid wall boundary condition is applied to the blade and the hub. Stationary wall boundary 332 

is defined in the aerodynamic analysis whereas the deforming wall boundary with a periodic 333 
displacement is defined in the aeromechanical analysis. In the case of the aeromechanical 334 

simulation, the global displacement of the blade structure is obtained using Eq. (10) based on 335 
the specified generalised displacement and the imported natural frequency and the mode shape. 336 

Hence, the global displacement of the blade becomes: 337 
 338 

𝑑(𝑡) = �̅� + 𝑑𝐴 cos(𝜔𝑖𝑡)                    (15) 339 

 340 

where �̅� and 𝑑𝐴 are the mean value and amplitude of the blade displacement, and the blade 341 
wall boundary is deformed with respect to the blade displacement. 342 
 343 
The external boundary condition, which is a non-periodic one, is defined to treat the far-field 344 
boundaries dealing with the external flow computations. A full rotor model with all three blades 345 
without using periodic boundaries is used for the time domain method. On the other hand, a 346 
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Calculate q

(based on Eq. (14))
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UFlow governing equations:
𝜕

𝜕𝑡
∫ 𝑈𝑑Ω + ∫ �⃗�𝐼𝑆Ω

 . 𝑑𝑆 +  ∫ �⃗�𝑉𝑆
 . 𝑑𝑆 =  ∫ 𝑆𝑇𝑑Ω

Ω

In a semi-discrete form:
𝜕

𝜕𝑡
𝑈 = 𝑅(𝑈)

U = �̅� + [𝐴𝑈 sin (ωt) + 𝐵𝑈 cos (ωt)]

• U0 = �̅� + 𝐵𝑈 (ωt = 0)

• Uπ/2 = �̅� + 𝐴𝑈 (ωt = π/2)

• U-π/2 = �̅� – 𝐴𝑈 (ωt = -π/2)
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single passage domain is used for the frequency domain solution method, and the harmonic 347 

components are phase-shifted between the periodic boundaries by a given Inter Blade Phase 348 
Angle (IBPA), σ, as expressed in the following equations [25-28] where the subscript 1 and 2 349 
are corresponding to the referenced passage and its neighbouring one, respectively.  350 

 351 

𝐴𝑈,2 =  𝐴𝑈,1 cos(𝜎) −  𝐵𝑈,1sin (𝜎)                       (16.a) 352 

 353 

𝐵𝑈,2 =  𝐴𝑈,1 sin(𝜎) + 𝐵𝑈,1cos (𝜎)                      (16.b) 354 

 355 
3.2 Computational Domain and Grid 356 

The three-dimensional computational domain and grid are created using a Rounded Azimuthal 357 
O4H topology in a structured grid generator. The grid consists of five blocks. An O-mesh is 358 
used in the skin block surrounding the blade whereas an H-mesh is used in other blocks such 359 

as the inlet block, the outlet block, the upper block above the blade section and the lower block 360 
under the blade section. The first layer’s thickness is 1e-5 meters to keep the y+ value less than 361 
one. The flow inlet and outlet are located 10R upstream of the rotor and 25R downstream of 362 
the rotor, respectively, and the far-field boundary is placed 5R from the origin of coordinates 363 
where R is the rotor radius. There are 4.5 million grid points in a single passage domain which 364 

is 1/3 of the full rotor. The computational domain of a single passage, the mesh around the 365 

blade in the blade-to-blade view and the 3D view of the mesh of the blade are shown in Fig. 2. 366 
A single passage domain (i.e. 120 degrees grid) is used for the frequency domain method 367 
whereas a full passage domain (i.e. 360 degrees grid including all three blades) is used for the 368 

time domain method. 369 

 370 
(a) 371 

10R

25R

Rotor Plane
5R
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 372 
   (b)      (c) 373 
Figure 2. (a) Computational domain, (b) grid in blade-to-blade view and (c) 3D view of the MEXICO-374 

Experiment wind turbine rotor 375 
 376 

3.3 Inflow Wake Generation 377 

The majority of the previous studies considered a steady wind flow for the simulations, while 378 

in reality, the nature of the wind is not steady. The wind speed changes in time or is affected 379 
by the objects present in the surroundings such as nearby wind turbines. The flow unsteadiness 380 

can impose a significant impact on wind turbine aerodynamics or aeroelasticity. In order to 381 
consider the unsteady nature of inflow, a wake is introduced at the inlet to study its effects on 382 
the aerodynamics of the wind turbine rotor. In this study, a harmonic wake is considered to 383 

represent the unsteady nature of the wind of which the speed varies in time. The inflow wind 384 
speed, w, is generated based on Fourier series as follow.  385 

 386 

𝑤 =  �̅� +  𝑤𝐴 sin(𝜔𝑤𝑡)                    (17) 387 
 388 

where �̅� is the averaged wind speed, 𝑤𝐴 is the amplitude of the unsteady fluctuation, and 𝜔𝑤 389 
is the frequency of the wake. For the purpose of simplicity and validation of the proposed 390 

method, only one harmonic is used to implement the harmonic inflow wakes in this study. The 391 
number of harmonics can be further increased to better represent the actual wind condition. In 392 
this analysis, the averaged wind speed is the same as the steady simulation which is 15 m/s and 393 

the amplitude of 5 m/s is selected to cover a wide range of wind speeds as well as to investigate 394 
the effect of relatively high fluctuation. Four frequencies, 5 Hz, 10 Hz, 15 Hz and 20 Hz, are 395 

considered for the wake frequencies in this work, and the effects of each frequency on the 396 
aerodynamics of the wind turbine rotor are investigated. These frequencies are particularly 397 
chosen to simulate the effects of a range of frequencies on the wind turbine rotor aerodynamics. 398 

The nonlinear frequency domain method is used for this analysis, and the results are validated 399 
against the time domain method. This marks one of the distinctive features of this paper as the 400 
majority of studies available in the literature are based on a steady inflow, and this is also the 401 
first time that the nonlinear frequency domain method is used to analyse the aerodynamics of 402 

a wind turbine based on the inflow wake.  403 
 404 
 405 
 406 
 407 
 408 
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4. RESULTS 409 

 410 
4.1 Aerodynamic Analysis of the MEXICO-Experiment Wind Turbine 411 
 412 

The steady pressure coefficient distributions using a steady inflow are first compared against 413 
the experiment as well as the previous simulation performed by Sorensen et al. [40] to validate 414 
the CFD model used. Figure 3 shows the comparison of the steady pressure coefficients at 25%, 415 
35%, 60%, 82% and 92% span blade sections. As seen, slight differences are seen between the 416 
CFD simulations and the experiment at the blade inner sections, 25% and 35% blade span,  due 417 

to instability in the pressure transducers which occurred during the experiment as discussed in 418 
previous studies [39-40]. Overall, the present simulation results are very close to those of 419 
Sorensen et al. [40] and they are in a good agreement with the experiment. 420 
 421 
 422 

423 

 424 
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 426 
Figure 3. Pressure coefficients at (a) 25%, (b) 35%, (c) 60%, (d) 82%, and (e) 92% of the blade span 427 
obtained from the experiment (symbol), the simulation performed by Sorensen et al. [40] (dotted 428 

line), and the present simulation (line) 429 

 430 
After having validated the CFD model used, a series of further simulations are conducted 431 
generating inflow wakes at different frequencies at the inlet. Unsteady pressure distribution can 432 
be divided into time-averaged value and amplitude of fluctuation as shown in Eq. (5), and it 433 

can be written as: 434 
 435 

𝑃 =  �̅� +  𝑃𝐴 sin(𝜔𝑡) +  𝑃𝐵cos (𝜔𝑡)                   (18) 436 

 437 

where �̅� is the time-averaged pressure, and 𝑃𝐴 and 𝑃𝐵 are Fourier coefficients. The unsteady 438 

pressure amplitude can be defined as √𝑃𝐴
2 + 𝑃𝐵

2. 439 

 440 
The unsteady pressure terms are only visible in the harmonic inflow cases as the harmonic 441 

disturbances are present due to the wake. Figures 4-7 present the comparisons of the time-442 
averaged pressure coefficient and the unsteady pressure amplitude coefficient distributions at 443 

the blade mid-span section for each frequency computed from both time domain and frequency 444 
domain methods. As seen, they are in a very good agreement in both perspectives. It is also 445 

noticed that the unsteady pressure distributions vary with different inflow wake frequencies 446 
which indicates that the flow unsteadiness due to the wake depends on the frequency. No 447 
difference is seen between different frequencies in terms of the time-averaged pressure 448 

coefficients. This is expected as the same average wind speed is used and hence the mean value 449 
of pressure distributions could be similar to each other. This behaviour is also seen at the other 450 

blade sections, but they are not shown in this paper to keep this section more concise. Good 451 
agreements between the two methods are also observed at the other blade sections.     452 

 453 
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 455 
     (a)            (b) 456 

Figure 4. (a) Time-averaged pressure and (b) unsteady pressure amplitude coefficients at the blade 457 
mid-span section computed from the time domain method (dotted line) and the frequency domain 458 

method (line) at the inflow wake frequency of 5 Hz 459 
 460 

 461 
      (a)            (b) 462 

Figure 5. (a) Time-averaged pressure and (b) unsteady pressure amplitude coefficients at the blade 463 
mid-span section computed from the time domain method (dotted line) and the frequency domain 464 

method (line) at the inflow wake frequency of 10 Hz 465 
 466 

 467 
       (a)             (b) 468 

Figure 6. (a) Time-averaged pressure and (b) unsteady pressure amplitude coefficients at the blade 469 
mid-span section computed from the time domain method (dotted line) and the frequency domain 470 

method (line) at the inflow wake frequency of 15 Hz 471 
 472 
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 473 
      (a)            (b) 474 

Figure 7. (a) Time-averaged pressure and (b) unsteady pressure amplitude coefficients at the blade 475 
mid-span section computed from the time domain method (dotted line) and the frequency domain 476 

method (line) at the inflow wake frequency of 20 Hz 477 
 478 

It is now evident that the frequency domain method can be used for the computation of unsteady 479 
pressure distribution on the blade surfaces subject to the inflow wakes. However, it is also 480 
important to analyse the pressure field around the rotor. The pressure coefficient profiles along 481 
the rotation axis from one rotor diameter upstream to one rotor diameter downstream at 482 

different frequencies computed from both methods are compared in Fig. 8. As shown, the 483 

results calculated from both methods agree well with each other. Therefore, it is concluded that 484 
the unsteady pressure distribution and the flow field around the wind turbine rotor can be 485 

reliably computed using the frequency domain method. 486 
 487 

 488 
     (a)           (b) 489 

 490 
     (c)           (d) 491 

Figure 8. Pressure coefficient profiles at the wake frequencies of (a) 5 Hz, (b) 10 Hz, (c) 15 Hz, and 492 
(d) 20 Hz computed from the time domain method (dotted line) and the frequency domain method 493 

(line) (‘0’ marks the rotor plane; negative axis and positive axis represent upstream and downstream 494 
of the rotor, respectively) 495 
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The effect of unsteadiness of the inflow wakes on the flow field around the rotor can be 496 

identified using the velocity magnitude contours in the meridional view as well as the blade-497 
to-blade view. Figure 9 demonstrates the instantaneous velocity fields around the wind turbine 498 
rotor in the meridional view for the steady inflow case as well as the harmonic inflow cases. It 499 

is seen that the presence of inflow wakes affects the flow around the rotor and influences the 500 
vortex shedding process. The velocity fields behind the rotor are distorted by the inflow wakes 501 
whereas the flow field is steady in the steady inflow case. The flow unsteadiness is higher at 502 
lower frequencies which is also consistent with the unsteady pressure distributions seen in Figs. 503 
4-7. The vortex generation process is also influenced by the wakes as the velocity bubbles 504 

generated from the tip of the blade and the flow left from the blade and the hub differ with 505 
inflow wake frequencies. The flow unsteadiness and the effects of the wakes are visible at all 506 
frequencies; however, the velocity field behind the rotor is lower at 20 Hz compared to other 507 
frequencies.  508 
 509 

 510 
         (a)                 (b) 511 

 512 
         (c)                (d) 513 

 514 
(e) 515 

Figure 9. Velocity fields in the meridional view from (a) the harmonic inflow case at frequency = 5 516 
Hz, (b) the harmonic inflow case at frequency = 10 Hz, (c) the harmonic inflow case at frequency = 517 

15 Hz, (d) the harmonic inflow case at frequency = 20 Hz, and (e) the steady inflow case 518 
 519 
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Figures 10 and 11 show velocity distributions around the blade aerofoil at different wind speeds 520 

at the 25% span and 75% span, respectively, to investigate the effect of wind speed fluctuations 521 
on the flow. These two blade sections are chosen to represent the blade inner region, where it 522 
has a larger blade section pitch angle and the outer region with a lower blade pitch angle. In 523 

the blade inner region, flow separation from the suction surface of the blade is observed at 524 
higher wind speeds. However, the flow is mostly attached with a little separation near the blade 525 
trailing edge at lower wind speeds. Likewise, the separation is also larger at higher wind speeds 526 
in the blade outer region. The high-velocity concentration is found near the leading and trailing 527 
edges. Compared to the blade inner region, the velocity magnitude is higher in the outer region. 528 

 529 

 530 
       (a)                (b) 531 
Figure 10. Velocity distributions in the blade-to-blade view at the 25% span when the wind speed is at 532 

(a) 20 m/s, and (b) 10 m/s 533 
 534 

 535 
          (a)                (b) 536 
Figure 11. Velocity distributions in the blade-to-blade view at the 75% span when the wind speed is at 537 

(a) 20 m/s, and (b) 10 m/s 538 
 539 

Figures 12 and 13 illustrate the pressure contours in the blade-to-blade view for the selected 540 

two sections at relatively high and low wind speeds. The pressure is generally the highest near 541 
the leading edge where the relative wind velocity interacts with the blade aerofoil. Depending 542 
on the speed of the wind, the pressure distributions over the aerofoil surfaces change. At higher 543 
wind speeds, the high-pressure concentration is seen on the pressure surface near the leading 544 
edge whereas it is slightly shifted towards the leading edge when interacting with low wind 545 

speeds. The difference in pressure distribution between the two surfaces is higher at the wind 546 
speed of 20 m/s compared to that of 10 m/s. These differences in both velocity and pressure 547 
distributions, which are constantly changing in time, impose aerodynamic loads to the blade 548 
structure. Figure 14 presents the coefficient of forces, denoted by F/Fmax and calculated as 549 
(Force on Blade - Average Force on Blade)/(Maximum Force on Blade), over the physical time 550 
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of 0.5 sec obtained from different inflow cases. Due to the nature of the harmonic inflow wakes, 551 

loads of the blade are sinusoidal of which the frequencies are similar to that of the inflow wakes 552 
whereas the loads are stable in the steady inflow case. The amplitude of the forces distributed 553 
over the blade surfaces also depends on the wake frequencies and it gets larger as the frequency 554 

increases. Not only the aerodynamic loads could result in the blade structure vibration but also 555 
the resonance could occur when the wake frequency is close to the natural frequencies of the 556 
blade, which is dangerous for the blade and the wind turbine. Thus, it is also very important to 557 
analyse the aeroelasticity of the wind turbine rotor which will be discussed in the next section. 558 
 559 

 560 
             (a)                (b) 561 
Figure 12. Pressure distributions in the blade-to-blade view at the 25% span when the wind speed is at 562 

(a) 20 m/s, and (b) 10 m/s 563 
 564 

 565 
     (a)                (b) 566 

Figure 13. Pressure distributions in the blade-to-blade view at the 75% span when the wind speed is at 567 
(a) 20 m/s, and (b) 10 m/s 568 

 569 
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 570 
Figure 14. Coefficients of forces distributed over the blade surfaces from the steady inflow case and 571 

the harmonic inflow cases 572 
 573 
It can be concluded from this analysis that the flow is affected by all wakes considered in this 574 
study. The unsteadiness of the inflow wake has a direct impact on the flow field around the 575 
rotor imposing aerodynamic loads to the blade structure. Depending on the frequency and the 576 

amplitude of the wake, the rate of impact on the aerodynamics of the rotor will vary. Very good 577 
agreements between the time domain method and the frequency domain method are obtained 578 
in this work which ensures that the frequency domain solution method can be used reliably to 579 

analyse the aerodynamics of the wind turbine considering the inflow wakes and unsteadiness. 580 
The computation time required by the frequency domain solution method is at least one order 581 

of magnitude less than the time domain solution method. The details of the computational cost 582 
are presented in Section (4.3). 583 

 584 
4.2 Aeromechanical Analysis of the MEXICO-Experiment Wind Turbine 585 

 586 
The aeromechanical analysis of the selected wind turbine is discussed in this section. Two 587 
different materials, namely an Aluminium Alloy and a composite material, are used with the 588 

purpose of analysing the effect of material properties on the aeromechanical performance of 589 
the wind turbine blade. It should also be noted that the materials used in this study may not 590 

necessarily be the actual material properties used for the wind turbine blades. Before 591 
performing the CFD simulations, the natural frequencies and the structural mode shapes of the 592 
blade are computed using an FEA method. The first natural frequencies of the blade using an 593 
Aluminium Alloy and a composite material, obtained from the modal analysis, are 15.611 Hz 594 
and 6.82 Hz, respectively. The frequency domain solution method combined with a phase shift 595 

solution method is applied for the aeromechanical analysis of the wind turbine for the 596 

considered IBPA value. It is understood that the experimental data for this analysis are not 597 

available and thus, the frequency domain solution method is validated against the time domain 598 
solution method. For the blade vibration, the first vibration mode is prescribed in which the 599 
first natural frequency is defined to be the vibration frequency. In the aeromechanical analysis 600 
of turbomachines, relatively small amplitudes are typically used. However, previous studies 601 
suggest that the deflection of the blade can be up to 9% of the blade span [30]. Therefore, a 602 

relatively large amplitude of 9% of the span is used in this study. The IBPA for this simulation 603 
is set to 120 degrees. 604 
 605 
The unsteady pressure distributions can be described, similar to previous cases, in terms of the 606 
time-averaged pressure and unsteady pressure amplitude coefficients, and they are calculated 607 
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as shown in Eq. (18). However, in these cases, the sources of flow unsteadiness are associated 608 

with blade vibration. The time-averaged pressure and unsteady pressure amplitude coefficients 609 
extracted at two blade sections, 30% and 90% span sections, obtained from the time domain 610 
solution method and frequency domain solution method, for the selected two materials are 611 

compared to each other and shown in Figs. 15-18. The results obtained from the two methods 612 
are in good agreement with each other for all cases which indicates that the frequency domain 613 
method captures the unsteady flow adequately even when using a relatively large amplitude of 614 
vibration. Good agreements are also obtained at other blade sections, but they are not shown in 615 
this section to keep it more concise. The unsteady pressure distributions show that some 616 

fluctuations are seen at the blade inner region if the composite material is used. Pressure 617 
contours are also presented in Fig. 19 for visualization of the pressure distributions over the 618 
blade surfaces.  619 
 620 

 621 
       (a)              (b) 622 

Figure 15. (a) Time-averaged pressure and (b) unsteady pressure amplitude coefficient distributions 623 
over the blade with Aluminium Alloy at the 30% blade span computed from the time domain method 624 

(dotted line) and the frequency domain method (line) 625 
 626 

 627 
         (a)                (b) 628 

Figure 16. (a) Time-averaged pressure and (b) unsteady pressure amplitude coefficient distributions 629 
over the blade with Aluminium Alloy at the 90% blade span computed from the time domain method 630 

(dotted line) and the frequency domain method (line) 631 
 632 
 633 
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 634 
         (a)                 (b) 635 

Figure 17. (a) Time-averaged pressure and (b) unsteady pressure amplitude coefficient distributions 636 
over the blade with composite material at the 30% blade span computed from the time domain method 637 

(dotted line) and the frequency domain method (line) 638 
 639 

 640 
          (a)                (b) 641 

Figure 18. (a) Time-averaged pressure and (b) unsteady pressure amplitude coefficient distributions 642 
over the blade with composite material at the 90% blade span computed from the time domain method 643 

(dotted line) and the frequency domain method (line) 644 
 645 
 646 

 647 
         (a)               (b) 648 

Figure 19. Pressure contours on (a) pressure surface and (b) suction surface of the MEXICO-649 
Experiment wind turbine rotor blades 650 

 651 

Figure 20 presents the coefficient of the forces, expressed as F/Fmax, applied on the blade 652 
surfaces over a complete vibration period due to the blade vibration using two materials. These 653 
force coefficients are calculated as (Force on Blade – Average Force on Blade)/(Maximum 654 
Force on Blade). As seen, forces applied on the blade is reduced by 6% with the composite 655 
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material. As the magnitude of forces applied on the blade is directly associated with the 656 

structural responses, the composite material can reduce the risk of aeroelastic instability 657 
associated with the blade vibrations. Furthermore, as the IBPA of 120 degrees is used in this 658 
study, three blades are vibrating out of phase with each other which could potentially impose 659 

the instability to the structure even greater. Figure 21 shows the displacement profiles over two 660 
vibration periods as well as the displacement contour for visualization of the blade deflection. 661 
The blade 1 represents the one at the 12 o’clock position. Positive and negative values of the 662 
displacement represent the blade deflecting backwards and forward, respectively. 663 
 664 

 665 
Figure 20. Coefficient of forces applied on the surfaces of the blade using an Aluminium Alloy (black 666 

line) and a composite material (red line) over one vibration period 667 
 668 

 669 
      (a)      (b) 670 

Figure 21. (a) Displacement profile over two vibration periods and (b) displacement contour of the 671 
MEXICO-Experiment wind turbine rotor blades 672 

 673 

The aeroelasticity parameter, known as the aerodynamic damping, can be calculated based on 674 
the aerodynamic work per vibration cycle and it can be expressed as: 675 
 676 

𝑊 =  ∫ ∫ 𝑝𝑣.⃑⃑⃑ ⃗ �̂�𝑑𝐴𝑑𝑡
  

𝐴

𝑡0+𝑇

𝑡0
                    (19) 677 

 678 
where t0 is the initial time, T is the vibration period, p is the fluid pressure, v is the velocity of 679 

the blade due to the imposed displacement, A is the blade surface area, and �̂� is the surface 680 

normal unit vector. The aerodynamic damping can be computed as 𝑊/𝑚𝜔𝑣
2𝐷𝑚𝑎𝑥

2  where m is 681 

the modal mass, ωv is the vibration frequency, and Dmax is the maximum displacement 682 
amplitude. If the aerodynamic damping is positive, the blade vibration can be considered stable. 683 
The aerodynamic damping values, obtained from the time domain solution method and the 684 
frequency domain solution method, for the blade with two materials are outlined in Table 2. 685 
As seen, the results obtained are close to each other. The aerodynamic damping values are 686 
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positive indicating that the vibration is damped in both cases. However, the composite material 687 

can provide better stability as the aerodynamic damping is larger than that of Aluminium Alloy. 688 
This is also consistent with Fig. 20 in which the forces applied on the blade surfaces are lower 689 
with the composite material. Aerodynamic power distributions on both pressure and suction 690 

surfaces of the blade can be seen in Fig. 22 which denotes that the blade has the stabilizing 691 
effect on both surfaces around the tip of the blade. Overall, it can be concluded that the 692 
frequency domain solution method can be reliably used for the aeromechanical analysis of 693 
wind turbine rotors and blades considering large deflections with different IBPA values. Only 694 
a single passage domain with one blade is required for this analysis with the proposed nonlinear 695 

frequency domain solution method. 696 
 697 

Table 2. Aerodynamic damping values of the blade with two selected materials 698 

Material Time Domain Method Frequency Domain Method 

Aluminium Alloy 0.227 0.230 

Composite Material 0.698 0.707 

 699 

 700 
      (a)        (b) 701 

Figure 22. Aerodynamic power contours on (a) pressure surface and (b) suction surface of the blade 702 
 703 
4.3 Computational Costs 704 

 705 
All simulations discussed are performed on a single CPU with a 3.40 GHz Intel (R) Core (TM) 706 

i5-7500 CPU. With the time domain method, it requires much more CPU time as the full 707 
domain with all three blades is used in the simulation whereas only a single passage domain, 708 
which is 1/3 of the full domain with a single blade, is required for the frequency domain 709 
method. In terms of computation time, it takes 3 hours using the frequency domain method, 710 
but it takes about 150 hours if the time domain method is used. 711 

 712 

5. CONCLUSIONS 713 

 714 
The aerodynamic and aeromechanical analysis of a test case wind turbine are conducted using 715 
a highly efficient nonlinear frequency domain solution method in this paper.  716 
 717 
First of all, the aerodynamic analysis of the MEXICO-Experiment wind turbine generating the 718 
inflow wakes at the inlet is presented. The CFD model used in this work is validated against 719 
the experiment as well as the previous simulation, and a good agreement is obtained between 720 
them. Using the validated CFD model, the harmonic inflow wakes at different frequencies are 721 
generated at the inlet and the effects of the inflow unsteadiness on the aerodynamics of the 722 
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wind turbine rotor are analysed. The nonlinear frequency domain solution method is employed 723 

for this analysis and validated against the conventional time domain method. It is shown that 724 
the results obtained from both methods are in a very good agreement. Flow visualisations in 725 
terms of velocity and pressure distributions indicate that the flow fields around of the rotor are 726 

influenced by the inflow wakes and the unsteadiness of the flow imposes aerodynamic loads 727 
to the blade structure. The effects of the inflow wakes on the flow fields are visible at all 728 
frequencies whereas the amplitude of forces applied on the blade gets larger with increasing 729 
frequencies. Therefore, it can be concluded from this analysis that the unsteadiness of the 730 
inflow wakes has an impact on the aerodynamic flow field around the wind turbine rotor, and 731 

it could also influence aeroelasticity of the wind turbine significantly as the forces applied on 732 
the blade are directly associated with the wake frequencies. The frequency domain method can 733 
be used for the aerodynamic analysis of the wind turbine rotor considering the inflow wakes 734 
and unsteadiness.  735 
 736 

The aeromechanical analysis of the selected wind turbine is then conducted using two different 737 
materials. The frequency domain method combining with the phase shift method is used for 738 

these computations. Relatively large deflection of 9% of the span is considered in this analysis. 739 
The proposed frequency domain solution method is validated against the conventional time 740 
domain solution method. The time-averaged and unsteady pressure distributions over the blade 741 
surfaces computed using both methods are compared between them, and the results obtained 742 

are close to each other. The aerodynamic damping values indicate that the blade vibrations are 743 
stable in both cases using two materials. However, it is found that the composite material can 744 

provide a greater aerodynamic damping value than the Aluminium Alloy even when the blade 745 
is vibrating with a large vibration amplitude.  746 
 747 

In terms of computational cost, the proposed nonlinear frequency domain solution method can 748 
reduce the computation time by one to two orders of magnitude compared to the conventional 749 

time domain solution method. In conclusion, the nonlinear frequency domain solution method 750 
can be reliably and efficiently used for the aerodynamic analysis as well as the aeromechanical 751 

analysis of wind turbines considering relatively large amplitudes of vibration for any IBPA 752 
using a single passage domain that reduces the computation time significantly. Furthermore, as 753 
this method enables the computation of rotor-stator interactions of multi-stage configurations, 754 
the proposed method will be applied to the simulation of complete wind turbines including the 755 

tower as well as the simulation of multiple wind turbines in arrays in the future. 756 
 757 
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