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Abstract. A highly efficient nonlinear frequency-domain solution method is proposed and employed to investigate the aerodynamic 
and aeromechanical performances of an oscillating wind turbine blade aerofoil in this study. Extensive validations of a frequency-
domain method against an experiment as well as a typical time-domain solution method are provided in this paper. An experiment 
is also designed and conducted to measure pressure distributions over an aerofoil as well as to validate the numerical model. 
Unsteady pressure distributions and aeroelasticity parameters of the oscillating NACA0012 aerofoil are computed at various angles 
of attack and Reynolds numbers. Results indicate that the difference of unsteady pressure distributions between the two surfaces 
of the aerofoil becomes larger as the angle of attack is increased, whereas the flow separation on the suction surface is reduced by 
raising the Reynolds number. The turbulent flow develops in the downstream region due to the laminar vortex shedding at lower 
Reynolds numbers. It is also revealed that the Reynolds number has an impact on the aeroelasticity, and the aerodynamic damping 
value is larger at higher Reynolds numbers. The comparison between the frequency-domain method and the time-domain method 
shows that the frequency-domain method is not only accurate but also computationally very efficient as the computation time is 
reduced by 90%. 

Keywords: Wind turbine; Vibrations; NACA-0012; Aerodynamic damping; Frequency-domain method. 

1. Introduction 

The interaction between the aerodynamic load and the elastic blade structure is the main reason for aeroelastic instability 
problems in wind turbines (WT) [1]. In the past decade, the lengths of wind turbine blades were expanded to obtain wind energy 
more effectively. Due to the design of extremely long and flexible blades with less weight, modern wind turbine blades possess 
lower structural damping values, which leads to instabilities in the structure when excited by the external aerodynamic loads [2]. 
Hence, the structural stability of the blade has been the focus of many research studies aiming to enhance structural damping [3]. 
Apart from the structural damping, aerodynamic damping is also required for the design of the blades. Aerodynamic damping 
determines whether the blade vibration, excited by aerodynamic forces, is damped [4]. Therefore, the aeroelasticity model coupling 
the structural and aerodynamic calculations is required to ensure the mechanical integrity of wind turbines [4].  

Potential aeroelastic instability problems that can happen in advanced wind turbines are stall-inducted vibrations and blade 
flutter. Blades can undergo stall-induced oscillations once the wind turbine operates in the separation flow. The stall behaviour of 
the aerofoil induces energy in the blade structure, which excites the blade to vibrate. If the blade does not possess sufficient 
aerodynamic and structural damping factors, the external aerodynamic loads add more energy to the bade vibration. Examples of 
stall-induced vibrations in wind turbines are discussed in [5-8]. In the case of flutter, the blade vibrates at a frequency close to the 
natural frequencies of the blade structure [9]. As a modern wind turbine has three blades, a potential phase angle of vibration 
between blades is 120o which means that all three blades vibrate out of phase to each other by 120o. The limit of blade flutter in 
large-scale wind turbines was studied in [10], which showed that the unsteady aerodynamics of the flow has an impact on a flutter 
limit in wind turbine blades. It was also discussed that the physical properties of the blades, for instance, the centre of mass and 
the stiffness influenced blade flutter [11]. Dezvareh [12] investigated the effects of turbulence on the dynamic behaviour of an 
offshore wind turbine. Two models of normal and severe wind turbulence were employed, and the findings revealed that the 
amplitude of fluctuations of the dynamic response is enhanced by raising the amount of turbulence. 

Precise calculation of aeroelastic instabilities in wind turbines, including blade flutter, is one of the main challenges in the 
renewable energy industry. While full-scale experiments are not always practically feasible, many small-scale experimental studies 
were conducted in the past years to investigate the aerodynamics of horizontal-axis wind turbine (HAWT) blades. Different 
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configurations in which two wind turbines are arranged in in-line configuration [13] and offset configuration [14] are also 
experimentally studied to analyse the effect of a wind turbine on another. While the aerodynamics of wind turbines are broadly 
investigated in these experiments, the aeroelasticity or aeroelastic instabilities of wind turbines integrating the blade vibration are 
very difficult or sometimes impractical to be analysed experimentally and therefore, the majority of wind tunnel experiments focus 
on the aerodynamics of wind turbines. Besides, in most experiments, the different sources of flow instability and unsteadiness 
linked to the main physical parameters were ignored resulting in uncertainties. Hence, numerical methods and models have been 
developed to analyse both the aerodynamics and aeroelasticity of wind turbines, in which realistic environmental and physical 
conditions can be explored.  

Computational Fluid Dynamics (CFD) models are efficient tools for the aerodynamic analysis of most engineering applications 
including wind turbines as they can provide accurate flow details depending on the turbulence modelling methods [15]. These 
models are used for the design and optimisation of wind turbines [16, 17]. For the aeroelasticity analysis, CFD models are often 
coupled with structural models to model and simulation the interaction between the fluid flow and the structure [18]. Coupling 
CFD models with Finite Element (FE) models are typically found in the aeroelasticity analysis of wind turbines as FE models provide 
flexibility in the structural modelling [19, 20]. Similarly, coupled CFD and Computational Structural Dynamics (CSD) are also used 
for the modelling of fluid-structure interactions and the aero-elastic analysis of wind turbines [21-23]. Besides, Multi-body Dynamics 
(MBD) models are also employed for the structural analysis and nonlinear motions of wind turbines as it considers the flexibility of 
wind turbine structures. [24], and they can also be coupled with fluid models. However, CFD models are computationally expensive. 
Significant computational resources and computation time are required for the unsteady simulations of fluid-structure interactions. 

As the computation costs of highly accurate CFD methods remain the key challenge in the design of wind turbines. Frequency-
domain methods such as harmonic balance methods were developed for fast and efficient computations for turbomachinery 
analysis [25, 26]. The harmonic solution technique of Rahmati et al. [27, 28] provides an alternative solution to the typical time-
domain solution methods to model the harmonic flow disturbances and flow nonlinearities in turbomachines. Furthermore, 
Rahmati et al. [29, 30] proposed a nonlinear frequency-domain solution method to evaluate the aeroelastic performances of multi-
stage turbines and multiple blade row configurations. Flow around an aerofoil of a turbine blade can be very complex and highly 
unsteady [31, 32]. The capability of a frequency-domain method was intensively investigated by Shine et al [33, 34] using direct 
numerical simulations, and they found that a frequency-domain method can resolve the highly unsteady and complex flow 
behaviours. Despite the fact that the frequency-domain methods are typically found in turbomachinery analysis, these methods 
are relatively new in the wind energy industry. Recently, a nonlinear harmonic method was applied to the aerodynamic and 
aeromechanical simulations of wind turbine rotors considering the inflow turbulence and wakes [35, 36]. Moreover, Shine et al. [37] 
proposed a nonlinear frequency-domain solution method for the aerodynamic and aeromechanical analysis of wind turbine rotors 
and complete wind turbine models, and it is found that this method is not only accurate but also computationally very efficient. A 
frequency-domain method was also applied to the aerodynamic simulations of multiple wind turbines due to its high capabilities 
[38]. Roy et al. [39] investigated the flow structure variations over a wind turbine blade with a high angle of attack. They used the 
SST k-w model to perform RANS simulations over the NACA4415 aerofoil. They found that the lift/drag ratio at the angles of attacks 
between 4o and6o was increased which is beneficial for the improved efficiency of small-scale wind turbines. 

It is clear from the above literature review that the aeroelastic instabilities of wind turbine blades are very important and high-
fidelity numerical methods are required for the accurate prediction of aeroelasticity parameters. The objective of this study is to 
use a highly efficient numerical method to examine the aerodynamic and aeromechanical performances, with detailed insight into 
the unsteady flow behaviour, of a WT blade aerofoil subject to the blade vibration at a wind range of operating conditions. The 
pressure variations over the surface of an aerofoil at various angles of attacks are also experimentally measured. Afterwards, a 
frequency-domain method is utilised for the aeromechanical simulations of a WT blade aerofoil to investigate the details of the 
flow field at a wide range of parameters, including angles of attack and Reynolds numbers. The results achieved from the frequency-
domain solution are extensively compared to those of the time-domain solution to ensure accuracy.  

 

 

 

Fig. 1. Schematic diagram of the physical model of the NACA0012 aerofoil. 
 

Naca 0012 
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2. Experimental Setup 

A wind turbine blade is typically composed of different types of aerofoils at different sections, and each section of the blade has 
a different pitch angle to optimise the lift coefficient. In this study, the NACA0012 is selected and assumed to be the mid-section of 
a wind turbine blade. Figure 1 shows the schematic diagram of the physical model of the mid-section of the wind turbine blade 
using the NACA0012 aerofoil. The chord length and the span of the physical model used in the experiment are 0.063 m and 0.049 
m, respectively. The aerofoil has an effective surface area of 0.0031 m2. The angle of attack of the aerofoil is varied between 0o to 25o 
during the experiment. The uniform freestream velocity (V∞) is employed in the stream-wise directions, and the Reynolds number 
Re /V C∞= ν is calculated based on the inflow speed and the chord length (C).  

The selected NACA0012 aerofoil is placed inside a simple miniature wind tunnel of the AF10 airflow bench experiment. The 
AF10 airflow bench consists of a fan that collects the air from the environment and delivers it into the airbox, which sits above the 
wind tunnel. The airspeed flowing into the wind tunnel can be adjusted using a valve. The aerofoil is carefully fixed in the wind 
tunnel to ensure the air flows over the surfaces of the aerofoil and the flow is two-dimensional, representing the flow at the mid-
section of a blade and avoiding tip vortices. The aerofoil and the wind tunnel are set up vertically. The aerofoil is rotatable to have 
the desired angle of attack (AoA). Pressure sensors are integrated on both pressure and suction surfaces of the aerofoil. The holes 
that appeared on the aerofoil surfaces indicate the locations of the pressure sensors. There are twelve pressure sensors over the 
aerofoil, including six sensors on each surface labelled by numbers. In addition to the aerofoil surfaces, three other pressure sensors 
are used to measure the pressure inside the airbox, the pressure at the inlet of the wind tunnel, and the atmospheric pressure. 
These pressure sensors are connected to the small pipes which come out of the wind tunnel and are then connected to the 
manometer to deliver the pressure data (see Figure 1 (a)).  

The pressure measurements are indicated by the liquid inside the manometer. The liquid used is water, but it is coloured with 
a blue dye for clear visualisation. Before letting the airflow into the wind tunnel, the level of the liquid indicating the atmospheric 
datum is initially set so that the collected pressure measurements are relative to the atmospheric pressure. Although it is a small-
scale wind tunnel experiment, the results and measurements can be scaled up for the analysis of larger aerofoils. In this experiment, 
the angles of attack are varied from 0o up to 20o with an increment of 5o, and the pressure distributions on the aerofoil surfaces are 
measured. The experiment is conducted at the Reynolds number of 4 × 106. The Reynolds number is calculated based on the inflow 
speed and the chord length. The details of the experimental setup are shown in Fig. 2. 

3. Numerical Methodology 

Figure 3 shows the computational domain and mesh generated for the simulations of the aerofoil. The domain is based on a 
two-dimensional model with a span-wise extension, known as a quasi-3D model, to analyse the two-dimensional flow at the blade 
mid-span. A hexahedral-type element is used throughout the domain. To capture the boundary layer separation and the flow 
around the aerofoil, the y+ value is kept less than 1, and 20 layers of boundary layers are generated with a growth rate of 1.2. The 
inlet is located at a 3C distance from the leading edge, and the outflow is placed at 4C from the trailing edge, where C is the chord 
length. The far-field boundary is located at 2C from the aerofoil blade. After performing a grid independence study, the mesh size 
of 120×62×50 is employed for the CFD simulations.  

 

  

a) AF10 airflow bench and overall set-up 

  

b) Aerofoil inside a wind tunnel and monometer 

Fig. 2. Overall experimental set-up of the AF10 airflow bench experiment. 
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Computational domain with boundary conditions 

  

             Blade-to-blade view of the mesh                               Boundary layer mesh 

Fig. 3. Details of computational domain and mesh with boundary conditions for the simulations of the wind turbine blade aerofoil. 

The computations are performed by a 3D finite volume solver. The analysis was performed applying Unsteady Reynolds 
Averaged Navier-Stokes (URANS) model and the Navier-Stokes equations expressed in Cartesian coordinate can be written as [40]: 

1. .V T

S S

Qd F dS F dS S d
t

∂
+ + =

∂ ∫ ∫ ∫ ∫
ρ ρρ ρ

Ω Ω

Ω Ω  (1) 

in which Ω is the domain, S is the surface, Q is the vectors of the conventional parameters, ST is the source term, and �⃗� and �⃗� are 
the inviscid and viscous terms, respectively. With employing the standard one-equation Spalart–Allmaras model, the above 
equation can be expressed as[40]: 

( ) ( )Q R Q
t

∂
=

∂
 (2) 

where R is the lumped residual. The inlet velocity is specified to have the required Reynolds number. A far-field boundary is specified 
in the pitch-wise direction and a symmetry boundary is defined on each surface of the domain in the span-wise direction. 
Stationary wall boundaries are used in the aerodynamic steady simulations, whereas deforming wall boundaries are employed in 
the aeromechanical simulations. The displacement of the wall deformation is defined as follow: 

( ) ( )cosA it t= +δ δ δ ω  (3) 

where � ̅ and �� are the average and amplitude of the blade’s movement. Consequently, the transient flow characteristics could be 
expressed by the Fourier series for a specified frequency, O, and specific harmonic numbers (m), as shown in Eq. 4. 

( ) ( )
1

sin cos
M

Q Q
m

Q Q A m t B m t
=

 = + + ∑ ω ω  (4) 

where �	, 
� and �� are the Fourier coefficients of the variable coefficients. Replacing the Fourier decomposition in the Navier-
Stokes equation results in the following equations [37]: 

( ) ( )
1

cos sin
M

Q Q
m

mA m t mB m t R
=

 − = ∑ω ω ω  (5) 
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Fig. 4. Details of computational domain and mesh with boundary conditions generated for the simulations of the linear turbine cascade. 

The resources of flow instability are based upon periodic blades movement, and therefore, Eqs. (4-5) can be expressed as: 

( ) ( )sin cosQ QQ Q A m t B m t = + + ω ω  (6) 

( ) ( )cos sinQ QA m t B m t R − = ω ω ω  (7) 

4. Results and Discussion 

4.1 Validation 

In this paper, the IBPA of 180o case is reproduced using numerical simulations employing the frequency-domain method. The 
physical parameter including the vibration frequency and amplitudes are kept the same as the experiment. The Reynolds number 
of 2 ×105 is used in both experiment and simulations. The computational domain and grid generated for the simulations are 
presented in Fig. 4. The mesh is generated using O4H topology in a structured grid generator. The generated mesh consists of 177 × 
59 × 57 grid point distributions in the stream-wise, pitch-wise and span-wise directions, respectively. The blade, hub and shroud 
are treated as solid wall boundaries. A velocity inflow is applied at the inlet and a pressure outlet is defined at the outlet. The 
translational periodic boundary interfaces are applied in pitch-wise directions in order to represent a row of blades in a cascade. 

The unsteady flow parameters due to the blade vibration can be separated into the time-averaged values and the unsteady 
perturbations. The transient pressure coefficient over the blade is mainly analysed in this study. The comparison of the average 
pressure coefficient (Cp) and the unsteady pressure coefficient (Cp1) variations on the surfaces of the aerofoil amongst the 
experiments and the numerical simulations using the proposed frequency-domain method for an IBPA of 180o is presented in Fig. 
5. The results are extracted at different segments of the blade including 30%, 50% and 80% span sections. It is observed that the 
results are in excellent agreement, indicating that the frequency-domain method calculated the transient pressure distribution 
over the blade surfaces correctly. It is found that the unsteady perturbations are higher in the outer region of the blade where the 
vibration amplitude is larger. Apart from the unsteady pressure distribution, one of the most crucial aeroelasticity parameters in 
the design of turbomachinery is aerodynamic damping. The aerodynamic damping is computed by evaluating the aerodynamic 
work done per vibration period, and it is described as follow: 

0

0

ˆ ˆ.
t T

t A
W pv n dAdt

+
= ∫ ∫

ρ
 (8) 

where t0 is the initial time-step, T is the time take to complete a vibration cycle, p is the pressure of the fluid, v is the velocity of 
the blade subject to the deformed displacement, A is the surface area of the blade, and �  is the normal unit vector. The 
aerodynamic damping for the blade of this linear turbine cascade for an IBPA of 180o acquired from the experiment and the 
simulations are compared in Table 1. It is seen that the results are in good agreement with each other.  
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Cp at 30% span Cp1 at 30% span 

  
Cp at 50% span Cp1 at 50% span 

  
Cp at 80% span Cp1 at 80% span 

 
Fig. 5. Variations of pressure coefficient (Cp) and unsteady pressure amplitude coefficient (Cp1) at different sections of the blade of the linear turbine 

cascade. 
 

4.2 Aerodynamic Analysis of Wind Turbine Aerofoil 

Figure 6 demonstrates the pressure coefficients obtained from the experiment and the CFD simulations for different angle of 
attacks (AoAs). At AoA= 0o, the same amount of flow passes over both pressure and suction sides of the aerofoil due to its symmetric 
profile, which leads to the same pressure distributions on both surfaces of the aerofoil. Theoretically, there is no lift at this AoA. As 
the angle of attack is raised to 5o, the pressure difference between the two surfaces of the aerofoil starts to occur, generating a lift 
force. The pressure variation amongst the two sides becomes greater at AoA= 10o as the pressure on the pressure side becomes 
significantly larger than that of the suction surface, leading to an increased lift coefficient. At this angle, the flow starts to separate 
from the suction side closer to the trailing edge. When increasing the angle of attack further to 15o, a great deviation amongst the 
surfaces is seen in the region near the leading edge. The pressure difference is then reduced at around X/C=0.4 which continues up 
to the trailing edge. It is mainly because of the flow detachment from the suction side, and the flow separating point shifts in the 
direction of the leading edge as the AoA is increased. Due to the flow detachment, the recirculating flows and separated bubbles 
exist in the separation zone, which causes turbulence around the aerofoil. It can be noted that the flow behaviour is now similar to 
a stall nature at this AoA. At the angles of attack of 20o and 25o, it can be clearly seen that the pressure is not increased much near 
the leading edge compared to that of the 15o. However, the pressure difference between the two surfaces is significantly reduced 
afterwards, approximately from X/C=0.1. This indicates that the flow separation becomes too large, and the flow is separated nearly 
from the leading edge of the aerofoil, which results in a turbulent flow and flow recirculation on the suction surface and a loss of 
lift coefficient. Therefore, it can be concluded that the stall angle is past and the angles of attack of 20o and 25o fall within the post-
stall region. Overall, raising the angle of attack leads to an inflow angle that causes a greater pressure difference between the two 
surfaces, which results in increased pressure and lift coefficients, before reaching its maximum at the stall angle. In terms of 
comparison between the experiment and the simulation for validation, it is seen that excellent agreement is obtained between the 
two methods.  

Table 1. Aerodynamic damping 

Method Aerodynamic damping 

Experiment 0.52 

Simulation 0.57 
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AoA = 0o AoA = 5o 

  
AoA = 10o AoA = 15o 

  
AoA = 20o AoA = 25o 

Fig. 6. Pressure coefficient at various angles of attack. 

4.3 Aeromechanical Analysis of Wind Turbine Aerofoil at Various Angles of Attack 

After having validated the numerical model against the experiment, the aeromechanical simulations of this aerofoil are 
performed by integrating the blade vibrations. The vibration frequency, adopted from the modal analysis of the MEXICO wind 
turbine model, is 15 Hz, and the oscillation amplitude is set to be 1%C. Because of the blade vibration, the flow is transient, and the 
flow variables change in time. As the blade is periodically oscillating, the unsteady flow parameters are also periodic in time. Among 
others, the unsteady pressure coefficient on the aerofoil surfaces is mainly analysed in the aeromechanical analysis as they are 
used for the calculation of the aeroelasticity parameters such as aerodynamic damping.  

Due to the periodic oscillation, the unsteady pressure on the aerofoil surface could be divided into the time-averaged and the 
unsteady coefficients. Figure 7 presents the time-averaged pressure coefficient (Cp) and the unsteady pressure coefficient (Cp1) at 
different angles of attack. As the experiment is only available for the rigid aerofoil, the results from the frequency-domain solution 
using the blade vibration are verified based on the typical time-domain technique. As seen, Cp variations are very similar to those 
of the steady simulations as previously shown. This is expected because the blade oscillation is periodic, and therefore, Cp values 
are similar to those from the steady simulations. The maximum amplitudes of unsteady pressure coefficient are seen at the blade 
leading edge in all cases due to the interaction between the incoming flow and an oscillating aerofoil. However, at the angle of 
attack of 0o, the unsteady pressure distributions are almost the same on the pressure and suction surfaces due to the same amount 
of flow passing over the aerofoil. As the angle of attack is increased, the pressure fluctuations on the pressure and suction surfaces 
are different as the pressure surface usually possesses a higher pressure field due to an inflow angle. Furthermore, the harmonically 
oscillating aerofoil causes flow acceleration and deceleration over both surfaces of the aerofoil that imposes the sinusoidal pressure 
loads. The difference in unsteady pressure fluctuations is present up to X/C=0.3 and it becomes very small afterwards at both 5o 
and 10o angles of attack. It is observed that the results from the frequency-domain solution and the time-domain solution agree 
well with each other, indicating that the frequency-domain method computed the pressure deviations and distributions correctly. 

Figure 8 illustrates the instantaneous pressure contours on the surfaces of the aerofoil at various angles of attack. At AoA=0o, 
the maximum pressure is seen near the leading from where the same amount of pressure is distributed over the pressure and 
suction surfaces, which results in zero lift. The contour indicates that the maximum pressure is found in the region closer to the 
leading edge where the inflow has interactions with the aerofoil. Then, the pressure is unevenly distributed over the aerofoil 
surfaces resulting in a higher pressure on the pressure surface whereas a lower pressure is observed on the suction surface. This 
pressure difference between the two surfaces starts to produce a lift force. At AoA=10o, the pressure difference between the two 
surfaces becomes larger, leading to a stronger lift. It is seen in the contour that the pressure on the suction surface is significantly 
lower than that of the pressure side.  
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Cp at AoA=0o Cp1 at AoA=0o 

  
Cp at AoA=5o Cp1 at AoA=5o 

  
Cp at AoA=10o Cp1 at AoA=10o 

Fig. 7. Time-averaged pressure coefficient (Cp) and unsteady pressure amplitude coefficient (Cp1) at different angles of attack. 

 
 

  

 

AoA=0o AoA=5o 

 
AoA=10o 

 
Fig. 8. Instantaneous pressure contours on the aerofoil surfaces at different angles of attack. 
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AoA=0o AoA=5o 

 

AoA=10o 

 
Fig. 9. Instantaneous pressure contours over the WT aerofoil at various AoAs. 

 

Figure 9 shows the transient pressure contours near the aerofoil at various AoAs. When the angle of attack is 0o, as discussed, 
the pressure is maximum at the leading edge, and then, the pressure is distributed equally on the pressure and suction surfaces. 
Raising the angle of attack changes the stagnation point. At the angle of attack of 5o, the maximum pressure concentration is shifted 
marginally towards the pressure surface. As a result, the pressure on the suction surface is lower than that of the pressure surface. 
Increasing the angle of attack further to 10o makes the shift of the maximum pressure concentration towards the pressure surface 
even further and the pressure difference between the two surfaces even higher. It is seen that the pressure near the leading edge 
is much higher and stronger on the pressure surface compared to the suction surface, which leads to a greater variation in pressure 
distributions. 

Theoretically, the pressure distribution around an aerofoil is inversely proportional to the velocity distribution. Figure 10 
illustrates the instantaneous velocity contours around the aerofoil at various AoAs. The dimensionless velocity (V/Vref) is provided 
for these contours. It is seen that the velocity is zero at the stagnation point where the flow interacts with the aerofoil whereas the 
pressure is maximum at this point. At the angle of attack of 0o, higher velocity fields are equally distributed over the aerofoil surfaces; 
however, lower pressure fields are seen on these surfaces in terms of pressure. At this AoA, the flow is attached to the aerofoil 
surface without a lift. At AoA=5o, it is obvious that the flow stagnation point shifts slightly towards the pressure surface as previously 
seen in the pressure contours. The relative velocity is then distributed over the suction surface, which leads to higher velocity 
distribution over the suction side. The flow is mostly attached to the aerofoil, but a very small flow separation is observed at the 
trailing edge. Raising the AoA to 10o makes the shift of the stagnation point toward the pressure surface even further. As a result, 
the flow with the high-velocity field is distributed over the suction surface until the aft region of the blade, from where the flow is 
separated. The velocity on the suction surface at this AoA is higher than at any other angles. Generally, with an inflow angle, the 
velocity is higher on the suction surface and lower on the pressure surface, whereas the pressure is higher on the pressure side and 
lower on the suction side. 

The key parameter in the aeromechanical study of turbomachinery including wind turbines is the aerodynamic damping value 
which monitors the steadiness of the blade. If the aerodynamic damping is negative, it is possible that the blade vibration could 
undergo the flutter behaviour. In this study, the aerodynamic damping of the blade aerofoil at various AoAs are calculated using 
both frequency-domain and time-domain approaches, based on Eq. (8), to validate the accuracy of the frequency-domain solution 
on predicting the aeroelasticity parameter. The aerodynamic damping values obtained from both methods for various angles of 
attack are listed in Table 2. It is observed that the blade vibration is stable at the considered three angles of attack, and the 
aerodynamic damping is slightly increased when increasing the AoA from 0o to 10o. A good agreement in predicting the aerodynamic 
damping is obtained among the frequency-domain and time-domain methods. Consequently, it was deduced that the frequency-
domain method has the capability to be utilised for the aeroelasticity analysis of WT blade aerofoils. 

Table 2. Aerodynamic damping at different angles of attack. 

Solution Method AoA=0o AoA=5o AoA=10o 

Frequency-domain Method 0.39 0.40 0.41 

Time-domain Method 0.40 0.42 0.43 
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 AoA=0o AoA=5o 

 

AoA=10o 

 
Fig. 10. Instantaneous dimensionless velocity (V/Vref) contour around the aerofoil at different AoAs. 
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Fig. 11. Total wall work contour on the aerofoil surfaces at different angles of attack. 

Figure 11 shows the total wall work distribution over the surfaces of the aerofoil, which is directly related to the calculation of 
the aerodynamic damping and the determination of the stability of the blade. The positive values of the total wall work contour 
represent the stabilising effect and the negative values correspond to the destabilising effect. It is seen that the aerofoil possesses 
a dominant stabilising effect at all angles of attack resulting in positive values of aerodynamic damping as previously discussed. 
The maximum stabilising effect is observed in the region around the leading edge. In details, at the angle of attack of 0o, these 
stabilising effects are equally present on both pressure and suction sides. By raising the AoA from 0o to 5o and 10o, it is found that 
the stabilising effect becomes stronger on the suction surface than on the pressure side. 

4.4 Aeromechanical Analysis of Wind Turbine Aerofoil at Various Reynolds Numbers 

Figure 12 depicts the variations of pressure coefficient (Cp) and (Cp1) at different Reynolds number. It is observed that the time-
averaged pressure coefficient distribution is relatively the same at all Reynolds numbers. In terms of the unsteady pressure 
coefficient distribution, the maximum value is found at the leading edge where the flow interacts with the oscillating aerofoil. A 
great difference in unsteady pressure difference, however, is observed along the aerofoil at each Reynolds number. At Re = 4 × 105, 
The unsteady pressure amplitude coefficient gradually rises approximately from X/C=0.1 and reaches its second peak at around 
X/C=0.5, which then slowly drops. This indicates that the unsteady pressure fluctuation is high along the chord of the aerofoil at 
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lower Reynolds numbers. This is because the flow unsteadiness is intensified by an aerofoil oscillating at a lower Reynolds number 
that causes the flow detachment and vortex generation along the aerofoil. When the Reynolds number is increased to 8 × 105, a 
similar rising pattern of unsteady pressure and the behaviour of fluctuation is observed. Raising the Reynolds number further 
reduces this behaviour of unsteady pressure distribution along the chord. This is due to an increased inflow velocity that improves 
the overall resistance of the turbulent boundary layers. These observations indicate that the unsteady pressure fluctuation is more 
significant at lower Reynold numbers, and this effect can be diminished by raising the Reynolds number. 

Figure 13 presents the instantaneous pressure contours for different Reynolds numbers. The contours are plotted using 
dimensionless pressure. It is observed that the pressure deviation amongst the pressure and suction sides is bigger at Re = 4 × 105 
than in any other cases. Compared to other Reynolds numbers, the pressure on the pressure surface is also much higher at Re=4 × 
105. Raising the Reynolds number reduces the pressure distinction between the two aerofoil sides. At Re = 2 × 106 and Re = 4 × 106, 
the pressure distribution is similar in both cases; the pressure difference is found to be greater at lower Reynolds numbers. 

 

  

Cp at Re = 4 × 105 Cp1 at Re = 4 × 105 

  
Cp at Re = 8 × 105 Cp1 at Re = 8 × 105 

  
Cp at Re = 2 × 106 Cp1 at Re = 2 × 106 

  
Cp at Re = 4 × 106 Cp1 at Re = 4 × 106 

Fig. 12. Time-averaged pressure coefficient (Cp) and unsteady pressure amplitude coefficient (Cp1) at different Reynolds numbers. 
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Re = 4 × 105 Re = 8 × 105 

  

Re = 2 × 106 Re = 4 × 106 

Fig. 13. Instantaneous dimensionless pressure contours at different Reynolds numbers. 

 

  

 Re = 4 × 105 Re = 8 × 105 

  

Re = 2 × 106 Re = 4 × 106 

Fig. 14. Instantaneous dimensionless velocity contour at different Reynolds numbers. 

The impact of Reynolds number on the flow field around the aerofoil can be visualised in terms of velocity distributions. The 
instantaneous dimensionless velocity contours around the aerofoil at different Reynolds numbers are demonstrated in Fig. 14. 
These velocity distributions are discussed based on an oscillating blade aerofoil. It is observed that the flow unsteadiness is higher 
at lower Reynolds numbers, whereas the flow separation is reduced at higher Reynolds numbers. The vortex structures left from 
the trailing edge are comparable to the Kárman vortex at Re = 4 × 105. Formation of the laminar vortex shedding and the laminar to 
turbulence transition are seen around the trailing edge; however, the vortex frequency is less significant at Re = 8 × 105. Vortex 
shedding behaviour is completely undetected at Re = 4 × 106 when the flow develops much stronger at higher Re numbers, which 
ultimately reduces the detached shear layers and recirculation. The turbulent boundary layer is more consistent at high Reynolds 
numbers. 
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Table 3. Aerodynamic damping at different Reynolds numbers. 

Method Re=4×105 Re=8×105 Re=2×106 Re=4×106 

Frequency-domain Solution Method 0.05 0.08 0.18 0.41 

Time-domain Solution Method 0.07 0.10 0.20 0.43 

 
Similar to the previous analyses for different AoAs, the aerodynamic damping values are also calculated to examine the impact 

of different Reynolds number on the aeroelastic performance of the aerofoil. Likewise, the aerodynamic damping values are 
calculated using both frequency-domain and time-domain methods. It is found that the results achieved from the frequency-
domain solution are in close agreement with the conventional time-domain solution (See Table 3). In terms of the effect of Reynolds 
number, it is seen that, although the aerodynamic damping values are positive at all Reynolds numbers, the aerodynamic damping 
is relatively low at Re=4 × 105 and 8 × 105, which gradually increases when raising the Reynolds number to 2 × 106. At Re = 4 × 106, 
the aerodynamic damping is larger than that of Re = 2 × 106 by 56% and that of Re = 4 × 105 by 88%. As discussed, the flow 
unsteadiness is higher due to vortex generation at lower Reynolds numbers. The vortex generation and pressure fluctuation, as 
previously seen, enforce aerodynamic forces on the blade. As the blade gains energy from the flow, it is possible that the blade 
vibration could lead to flutter instability when the aerodynamic damping is not sufficient enough to damp the vibration. Therefore, 
the selection of operating conditions, including Reynolds numbers, is very important for the design process of offshore wind turbine 
blades. 

5. Conclusion 

The aerodynamic and aeromechanical simulations of a WT blade aerofoil at different AoAs and various Reynolds numbers are 
presented in this paper. To confirm the precision of the numerical model, the simulation results are first compared to the 
experiment. It is found that the numerical results and the experimental results are in close agreement. The main conclusions are 
as follows: 

 A nonlinear frequency-domain method, validated against the experiment conducted for a linear turbine cascade, is applied 
to the aeromechanical simulations of the wind turbine blade aerofoil. It is seen from the analysis at different AoAs that 
the difference in unsteady pressure distributions between the aerofoil surfaces increases as the angle of attack is raised.  

 The flow is equally distributed over the surfaces of the aerofoil, and a small flow separation is detected on the suction 
surface of the aerofoil near the trailing edge when the angle of attack is raised to 10o. The aerodynamic damping is also 
calculated to investigate the blade stability at different angles of attack, it is noticed that the blade vibration is considered 
stable at all angles of attack as the aerodynamic damping values are positive. A dominant stabilising effect is detected at 
all angles, especially near the leading edge. 

 Instantaneous pressure contours reveal that the pressure on the pressure surface of the aerofoil at Re = 4 × 105 is higher 
than in any other cases. Flow visualisations using instantaneous velocity contours show that the laminar vortex shedding 
is identified at lower Reynolds numbers. The flow separation and recirculation in the separation zone is also detected on 
the suction surface at these Reynolds numbers. This behaviour is reduced when raising Reynolds number as the flow is 
mostly attached to the surface with a small separation near the trailing edge.  

 It is concluded that the flow separation is reduced by increasing the Reynolds number. The prediction of aerodynamic 
damping at various Reynolds numbers indicates that the aerodynamic damping is relatively low at lower Re numbers due 
to higher flow unsteadiness, which can potentially affect the blade stability. The aerodynamic damping is increased as the 
Reynolds number is raised, and it is the highest at Re = 4 × 106.  

 Extensive validations between the frequency-domain solution method and the time-domain solution method show that 
the results obtained from both methods are in excellent agreement, ensuring that the frequency-domain solution is 
accurate. However, the frequency-domain method solves significantly quicker than the conventional time-domain method, 
and the computational cost is found to be decreased by 90%.  
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