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Abstract 

The objective of this study is to develop direct numerical simulations (DNS) to investigate the 

aerodynamic performance, transition to turbulence, and to capture the laminar separation 

bubble occurring on a wind turbine blade. Simulations are conducted with spectral/hp element 

method to investigate the details of flow separation bubble over wind turbine blades with 

NACA-4412 airfoil at wide range of design parameters. This airfoil is chosen because recent 

studies have shown that it is challenging to capture the details of the flow instabilities and 

pressure fluctuations in the separated shear layer of wind turbines by experimental methods. 

Furthermore, owing to more accurate development of DNS, the separated bubbles at high 

Reynolds numbers are captured. The results show that the vortex structures shed from the 

trailing edge of the airfoil by raising the angle of attack (𝛼). Consequently, the fully turbulent 

flow develops downstream of the trailing edge (Karman vortex). Moreover, the pressure 

fluctuation significantly increased by raising 𝛼 . However, some rolling up of the flow 

structures, similar to Kelvin–Helmholtz rolls, on the pressure surface near the trailing edge, are 

observed at 𝛼 > 12°. The separation point was delayed from Xsep/C=0.19 to 0.58 by decreasing 

𝛼 from 16 to 0 at Re=5×104.  

Keywords: Direct numerical simulations; Wind turbine; Vortex shedding; Laminar separation 

bubble; Spectral/hp element method. 
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1. Introduction 

Using wind energy is growing rapidly as a very popular and efficient source of renewable 

energy, because it is clean, and economical affordable. As a result, installation capacities of the 

wind turbines are increasing each year. Earlier low-fidelity computational methods such as 

Reynolds average Navier-Stokes (RANS) models have been widely used in the past decades to 

predict the flow behaviour and aerodynamic performance of the wind turbines. However, it is 

difficult and nearly impossible to capture the details of the transitional flows, pressure 

fluctuations and instabilities in the separated shear layer over the blades, which has significant 

impact on the performance of the wind turbines. Moreover, another disadvantage of the RANS 

models is their large computational resources requirement, and long runtimes of these methods 

[1]. The separation of boundary layer could make undesirable effects on the blade aerodynamic 

performance and could lead to blade oscillations, and noise generation. Therefore, it is 

important to accurately predict the flow structure and separating point over the wind turbine 

blade to increase the energy efficiency and the aerodynamics performance of the horizontal-

axis wind turbines. Consequently, clean energy researchers tend to find the details of the flow 

structure and aerodynamic performance of the wind turbine blades to improve the efficiency at 

different transient physical conditions.  

The separation of boundary layer from the surface of the wind turbine blades, is due to the 

presence of adverse pressure gradient on the suction surface of the blades. The adverse pressure 

gradient and the separated shear-layer depend on the flow regime, angle of attack (AoA), the 

shape of the airfoil, rotational speed and other physical parameters. The onset of transition to 

turbulence in the separated shear-layer is also another important parameter in the design of 

wind turbines. The variations of the angle of attack have considerable effect on flow 

disturbance intensification in the boundary-layer region. Accurate prediction of the onset of 

transition and the details of the velocity fluctuations on the wind turbine blades is still an 
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important challenging problem for the designers. Naung et al. [1] numerically examined the 

effects of the flow unsteadiness on the flow separation and aeroelastic behaviour of the wind 

turbine blades. They found that the inlet wakes have substantial effect on wind turbine 

aerodynamics and separation point. In another numerical study, Naung et al. [2, 3] utilized the 

frequency-domain method to predict the forced response and flutter instability over the wind 

turbine blades. They concluded that by using the newly designed model, the computation time 

can be reduced by order of 2 compared to the other models. The effects of the inner blade phase 

angle on the separation point and vortex generation in the wake region were also investigated. 

In a recent numerical study, Zhang et al. [4] numerically investigated the effects of a newly 

designed winglet on the power efficiency of the vertical-axis wind turbines. They observed that 

the winglets improve the efficiency of the wind turbines by separating the pressure side and 

the suction side of the blade and keeping the pressure difference on the blade surface. The tip-

vortex variations due to the winglet vortex generators were also investigated.  

The area that has recirculation flows and vortex generations is generally called Separation 

Bubble [5]. Koca et al. [6] experimentally investigated the vortex generation over NACA-4412 

wind turbine airfoil. The effect of Reynolds number and angle of attack on the recirculations 

flows and laminar separation bubble was investigated. They used hot-film with glue on-probe 

technique to visualize the flow streamlines over the wind turbine blade. They concluded that 

LSB moved near to leading edge of the aerofoil as the Reynolds number was enhanced from 

2.5×104 to 7.5×104 and smaller laminar separation bubbles (LSB) generated at lower angle of 

attack. Xu et al. [7] performed numerical simulations on the aerodynamic performance of 

vertical-axis wind turbine blade sections. They used winglets to improve the performance of 

the performance of the wind turbine. They found that the power coefficient can be increased 

by 19% by using winglet vortex generators with the same swept areas. In the numerical study 

of Zhang et al. [8], the authors employed various NACA airfoils to find the best configuration 
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of the vertical-axis wind turbine blades. Their three-dimensional simulations revealed that the 

NACA-0018 aerofoils with the pitch angle of 6o, performs the best between all the airfoils with 

different thickness. It was found that the flow separation occurs earlier over thinner aerofoils 

than the thicker ones by raising the angle of attack. Açıkel and Genç [9] used a partially flexible 

membrane to control the flow separation over NACA-4412 wind turbine airfoil at low 

Reynolds numbers. Their experimental analysis revealed that the LSB on surface was 

suppressed by using the membranes.  Moreover, the lift coefficient was increased while drag 

was reduced, but stall performed early at α = 10°. Kamada et al. [10] used oil-film method, and 

blade surface tufts to visualise the flow structure over horizonal-axis wind turbine airfoils. The 

Separation bubbles were presented for the case of turbulent intensity (TI)=0.20% and 

Re=2.0×105. The experiments showed that when the angle of attack increased, the separated 

region and vortex generations become larger and noticeable. Ou et al. [11] performed a detailed 

parametric study on drag reduction of turbulent flows in a combinational system. They found 

that the proposed numerical model can accurately predict the flow structure in the opposing jet 

protection systems. In another numerical study, Huang et al. [12] investigated the impact of 

different turbulent models and the slot width on the pressure coefficient variations in subsonic 

air flows. They concluded that the SST k–ω turbulence model can predict the details of the 

flow structure in the separated regions. Rezaeiha et al. [13] used active flow control techniques 

to improve the performance of vertical-axis wind turbines. The high-fidelity numerical analysis 

shows that applying suction ahead the chord length of the laminar separation bubble can avoid 

its bursting, delay the formation of LSB, and prevent the formation of the trailing-edge roll-up 

vortex over the airfoil section.  

D'Alessandro et al. [14] used Large eddy simulations (LES) to predict the flow structure and 

control the separation over dimpled wind turbine blade with NACA 64–014A airfoil. The 

simulations were performed at Re=1.75×105. They found that the dimples produce a reduction 



5 
 

of the LSB extension if the dimples were positioned before the LSB. The effects of the trailing 

edge cutback on a turbine blade was numerically investigated by Moriguchi et al. [15]. They 

concluded that thickness of the boundary layer, and the pressure fluctuations have been 

influenced by the cutbacks. Naung et al. [16] employed direct numerical simulations (DNS) to 

predict the interactions among the transitional flow and the blades oscillations of the low-

pressure turbines. They found that typical unsteady Reynolds Averaged Navier–Stokes 

(URANS) models cannot capture the velocity and pressure fluctuations and separation point 

over the turbine airfoils. Moreover, they concluded that the harmonic balance method needs 

much less computation times compared to the time domain method. 

Accurate prediction of the turbulent fluctuations at different air velocities and angles of attack 

(AoA) can help to predict the aerodynamic performance of the wind turbines and to reduce or 

prevent flow separation. Moreover, LSB formation, stall prediction, and control the flow 

structure is an important topic among the wind turbine designers. Saleem and Kim [17] 

numerically investigated the effect of tip clearance on the aerodynamic performance of the 

wind turbines. They used NACA-9415 airfoil for the numerical simulations over the wind 

turbine blade section. They found that the blad tip gaps can increase the power coefficient for 

25m/s wind speed. Based on the recent numerical and experimental studies in the field of fluid 

dynamics of wind turbine airfoils, it was found that the LSB formation and wind turbine 

performance depends on the value of the angle of attack [18], physical parameters such as 

Reynolds number [19] and the shape of the blade airfoil [20].  

Wahidi et al. [21], used particle image velocimetry (PIV) technique to visualize the flow 

structure and laminar separation bubble over NACA4412 blade. The experiments showed that 

the flow separating point and instantaneous reattachment of the flow over the blade surface 

depended on the angle of attack. They concluded that some pairs of forward and backward 

velocity were generated in the separated region. These pairs have significant impact on the 
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velocity fluctuations in the reattachment areas. Cui et al. [22] applied the delayed detached 

eddy simulation based upon the k-ω-γ transition/turbulence integration method (IDDES-Tr) to 

investigate the separation flow structure over wind turbine airfoil. They found that the proposed 

model can detect more details of the flow behaviour over the wind turbine compared to large 

eddy simulation (LES) method. O'meara and Mueller [23] experimentally investigated the LSB 

over NACA 663-018 airfoil at Reynolds number is the range of 45 10 to 52 10 and (8° < 𝛼 <

12°) . They found that the thickness of LSB decreased by raising the Reynolds number. 

Moreover, raising the angle of attack would also increase the thickness and the size of LSB 

over the airfoil. In the numerical study of Alam and Sandham [24], three-dimensional 

simulations were performed to investigate the LSB and the onset of transition over the blade 

airfoil.  They found that the bubbles with turbulent reattachment have maximum reverse flows 

of less than 8%. It was also concluded that the basic instability source is convective in these 

separated bubbles. Transition onset was detected by experiencing the Kelvin–Helmholtz 

instabilities in the separated shear-layer. 

Spectral/hp element method is a novel and highly precise and computational efficient DNS 

method that includes the advantages of typical finite element techniques alongside spectral 

element methods. By utilizing this procedure, the computation performance can be 

substantially decreased whilst the precision stays high and even be enhanced in comparison 

with other DNS techniques. This method is originally established by Karniadakis and Sherwin 

[25] concerning aerodynamics and incompressible fluid mechanics. This highly accurate 

method can be utilized in three-dimensional studies over turbine blades with higher 

efficiencies. This approach can also be employed to catch the transient flow structure and 

pressure fluctuations in separated flow regions at moderate-high Reynolds numbers [26]. The 

applications of this method is recently expanded in the study of Moxey et al. [27] to better 

capture the spatially-varying flow perturbations. Bao et al. [28], used spectral/hp element 
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method to calculate the transient flow perturbations  and separation flow over a vibrating 

cylinder. They found that the vortex induced oscillations at Re=3,900 can alter the flow 

structure over the riser. The drag and lift coefficient were also captured at different time steps. 

Recently, Cassinelli et al. [29] used this method to analyse the flow behaviour, separating 

points and friction coefficient over a turbine cascade at specific Reynolds number. Excellent 

agreement was observed between the DNS results and experiments for the pressure coefficient 

at Re=160,000. The study was concentrated on the dynamics of the separation bubble on the 

suction surface of the blade. However, this highly accurate and computationally efficient 

method has not been previously utilized to calculate the flow structure over wind turbine 

blades. 

The above literature review show that it is essential to predict the flow separation and the vortex 

generations over the wind turbine airfoils at different Reynolds numbers and angle of attacks. 

However, most of the recent studies were focused on experimental investigations, and only a 

few numerical methods have been utilized to predict the flow structure and LSB over wind 

turbines. Moreover, there are no DNS studies to accurately predict the transitional flow 

structure over the NACA-4412 wind turbine blade section at high angle of attacks (𝛼 > 12). 

This motivated us to employ the spectral/hp element method for the DNS simulations at wide 

range of design parameters over the wind turbine airfoil. This numerical work is based on the 

recent experimental study of Koca et al. [6] to predict the details of the pressure fluctuations 

and flow unsteadiness which are not possible to be captured in experiments. As discussed later, 

the details of the flow separation and recirculations were not predicted accurately in the 

experiments. Moreover, the experimental data are limited to Re=5×105 and in this study, much 

higher Reynolds numbers are considered in the direct numerical simulations for the first time. 

Highly accurate numerical simulations over NACA-4412 airfoil based on spectral/hp element 

method are performed to predict the aerodynamic performance over the wind turbine section 
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at wide range of design parameters. In our study the Reynolds number in the range of 

4 52.5 10 Re 1.5 10    and the angle of attack is varied from 0 to 16 degree. The main 

advantages of the proposed numerical model are (1) more accurate prediction of the separation 

point, vortex generation and recirculation flows at different flow conditions, (2) significant 

reduction in computational times compared to the previous models, and (3) analysing the 

instantaneous and time-averaged wake profiles and pressure coefficients and aerodynamic 

parameters over the wind turbine section at different angle of attacks.  

2. Physical and mathematical modelling 

2.1. Problem description 

Figure 1 shows the section view of the wind turbine blade with NACA-4412 airfoil. The blade 

aspect ratio is Λ = 4.53, the chord length is C = 0.225 m and spanwise size is Lz=0.2-0.5m. The 

blade installation angle of attack   is varied between 0 to 16 degree in the present DNS 

study. The inlet velocity is uniform and the Reynolds number  0Re /U C   is varied between 

25,000 and 150,000.  

 

 

(a) (b) 
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Fig. 1 (a) Schematic view of the wind turbine blade with NACA4412 airfoil mid-section, (b) 

the details of the geometrical parameters. 

2.2. Governing equations 

The three-dimensional transient, and incompressible momentum and continuity Navier-Stokes 

equations in the dimensionless type utilized in the current study are as follows: 

  2. p
t


     


u

u u u    (1) 

. 0 u   (2) 

where vector u=(u,v,w) shows the air flow velocity, p is the dynamic pressure, and 𝜈 is the 

kinematic viscosity of the working fluid.  

The Spectral/hp element procedure can utilize a 2D mesh and the simulations could be 

extended in the span direction by applying the Fast Fourier Transform. This method is very 

efficient to precisely detect the separated shear layer, onset of transition, vortex production and 

details of the pressure fluctuations over at different angle of attacks and different Reynolds 

numbers, especially in wind turbines that the details of the flow structure and laminar 

separation bubble need to be predicted accurately. This method is currently accessible in an 

open-source code called NEKTAR++. 

Figure 2 shows the simulation algorithm and the relationship among the local and mapped 

regions by using the MPI communicator. The domain decomposition and modal/nodal 

expansions can be linked to each other via the mapping function. The applications of the 

mapping function in time-dependent turbulent flows can expressed by the following function: 
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The goal is to calculate the terms of ˆpqu  by using the spectral/hp element method. Determining 

the Advection, Poisson, and Helmholtz terms in the solution algorithm, need more computing 

times as compared to other sections in the transient discontinuous Galerkin method. The 

mapping function is used to distort the local mesh  1 2,x x into rectangular elements  1 2,  in 

the mapped coordinate system. The specifics of the mesh deformation are available in [30]. 

  

Fig. 2 Simulation algorithm of the high-resolution spectral/hp element method over wind 
turbine blade with mapping functions. 

This method has the options to select continuous Galerkin (CG) and discontinuous Galerkin 

(DG) schemes are applicable in the solver [31]. In this study, discontinuous Galerkin (DG) 

method is selected for the DNS simulations over the wind turbine blade. Based on the DG 

method, the momentum equation can be stated as: 

   p
t


  


u

N u L u  (4) 

where    . N u u u is the nonlinear convective term, and   2 L u u is the viscous term, 

respectively. By using the time-integration method of Karniadakis et al. [32], the above 
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equation can be discretized by utilizing backward differentiation formulation. By discretizing 

the nonlinear convection phrase with polynomial extrapolation from prior time steps, the 

momentum equation at * 1t n    will be stated as: 

   0
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In which Je and Ji are the integration orders of the explicit and implicit phrases and α, β and λ 

are the equation factors. The Eq. (5) can be shortened by: 
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In which   is a flow function in the computation domain  . The details of the simulation 

algorithm according to the Discontinuous Galerkin (DG) scheme are presented in Figure 2. 

More specifics about the the simulation method and discretization of the Advection, Poisson 

and Helmhotlz terms are available in the Ref. [31]. 

The details of the mesh generation over the NACA-4412 airfoil in spectral/hp element method 

for the polynomial order of the 6 (P=6) are presented in Figure 3. Using polynomial order of 6 

indicates that each element is separated in 6 sections at each side. Boundary-layer mesh with 8 

inflated layers with the minimum size of 0.005m for the nearest layer with the growth rate of 

1.1 are selected for the DNS computations over the wind turbine mid-section airfoil. It was 

observed that using 32 FFT planes in the span-direction would be enough for accurate 

prediction of the flow structure and instantaneous vortex generation isosurface.  
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Fig. 3 Mesh generation over the NACA-4412 airfoil in spectral/hp element method (P=6) 

To ensure the accuracy of the computational domain, a grid independency study must be 

performed before the main DNS computations. The separation point (Xsep/C) on the suction 

surface over the wind turbine blade was calculated at Re=150,000 and AoA=16o to select the 

most appropriate and accurate polynomial order for further calculations. The values of these 

parameters are reported in Table 1. It is observed that the deviations were significantly 

decreased by increasing P from 4 to 10. The relative deviation between P=10 and 12 for all of 

the evaluated parameters is the smallest. This indicates that P=10 is accurate enough (maximum 

deviation of 0.7%) to be used for post-processing and analysing of the computational results. 

B-L mesh, 8-Inflated 
layers, Growth rate=1.1 

Np=32 

Lz=0.2 
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Consequently, P=10 was chosen for additional simulations on the wind turbine blade cascade 

with different geometrical and physical parameters. 

Table 1 Grid independence study for different polynomial orders at Re=150,000 and AoA=16o. 

Polynomial order  Xsep/C Deviation (%) 

P=4 0.198 21.7 

P=6 0.155 5.2 

P=8 0.147 4.8 

P=10 0.141 0.7 

P=12 0.140 - 

 

To make sure about the accuracy of the mesh generation near the walls of the wind turbine 

airfoil for a fully resolved DNS, it is necessary to capture the wall distances in all the cartesian 

directions over the blade suction surface and pressure surface. The wall+ values must meet the 

following limitations [18]: Δ𝑥ା < 20, Δ𝑦ା < 1 , and Δ𝑧ା < 10. The “+” sign denotes the 

scaling with the viscous length 𝐿∗ < 𝜈/𝑢ఛ and 𝜈 is the kinematic viscosity of the air and 𝑢ఛ =

ඥ𝜏௪/𝜌 is the frictional velocity. The wall+ values over the suction surface of the NACA-4412 

wind turbine blade at Re=150,000 and AoA=16o with 𝑃 = 10, 𝐿z, = 0.2, 𝑁p = 96 are presented 

in Figure 4. It can be seen that all the wall scale parameters in x, y, and z directions in the chord 

direction over the blade are in the eligible regions for each parameter. This means that the mesh 

generation is sufficiently accurate to find the separation and pressure fluctuations over the wind 

turbine blade.  
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Fig. 4 Near wall mesh resolution for 𝑃 = 10, 𝐿z, = 0.2, 𝑁p = 96 at Re=50,000 AoA=16. 

3. Results and discussion 

The numerical model and method employed in this study are first validated against the 

experiment [6] to ensure the accuracy. Figure 5 presents the comparison of the Drag-Lift 

coefficients with respect to the angle of attack (AoA) at various Reynolds numbers. As 

expected, the lift coefficient increases as the angle of attack rises until it reaches the maximum 

at the stall angle. The stall occurs at the AoA=12 degrees at Reynolds numbers of 2.5×104 and 

5×104. However, the stall is delayed, and the stall angle is shifted to 14 degrees when the 

Reynolds number is increased to 7.5×104 as the flow separation becomes smaller at higher 

Reynolds numbers. The maximum lift coefficients for Reynolds numbers of 2.5×104, 5×104 

and 7.5×104 are approximately 0.9, 1.2 and 1.3, respectively. Lift coefficient drops beyond the 

stall angle due to the flow separation and formation of the separation bubbles on the suction 

surface. The drop is more sudden and significant at higher Reynolds numbers. The 

aerodynamic performances in the post-stall region are dramatically reduced. The drag 

coefficient stays relatively flat until the stall angle and then it increases slightly after the stall 
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angle. For all Reynolds numbers, the results from the present DNS simulations are in excellent 

agreement with the experiment at all angles of attack. Therefore, it can be concluded that the 

present DNS simulation predicted the force applied on the aerofoil surfaces accurately. 

  

a) 4Re 2.5 10   b) 4Re 5.0 10   

 

c) 4Re 7.5 10   

Fig. 5 Validation of DNS results with experiments [6] at different Re numbers and AoAs. 

Figure 6 illustrates the instantaneous vorticity contours at different angles of attack for the 

Reynolds numbers of 5×104 and 1.5×105. The vorticity contours at the angles of attack of 0 

degree and 16 degree are shown to highlight the differences in flow behaviour at relatively low 

and high angles of attack. At α=0o, the flow remains attached on the pressure surface and 

separates from the suction surface when the Reynolds number is 5×104, and the flow 
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recirculation and separation bubbles are developed on the suction surface before shedding from 

the trailing edge. The flow separation and vortex generation process continue as time goes on, 

and the vortex structures sheds from the trailing edge of the aerofoil. As a result, the fully 

turbulent flow develops downstream of the trailing edge. The flow structures shed from the 

trailing edge are similar to those of Karman vortex. It is understood from the Drag-Lift 

coefficients in Fig. 3 that the stall angle is 12 degrees at the Reynold number of 5×104. 

Therefore, the angle of 16 degrees falls within the post-stall region. At this relatively high angle 

of attack, the flow separation on the suction surface is much larger than that of the pre-stall 

region and the flow separation point moves towards the leading edge. Due to its large flow 

separation, the highly unsteady and strong vortex generation is observed on the suction surface 

near the trailing edge, which adds more turbulence to the downstream flow and vortex 

structures. The flow unsteadiness and turbulence become higher with the increasing time 

intervals as the separation bubbles move towards the leading edge along the suction surface. 

The investigation of the flow structures for the Reynolds number of 1.5×105 is particularly 

added to analyse and highlight the effect of Reynolds number on the formation of vortex 

structures and flow separation process. Compared to the Reynolds number of 5×104, the flow 

separation is much smaller in this case at both relatively low and high angles of attack due to 

its larger Reynolds number or, in other words, higher wind speed. At the angle of attack of 0 

degree, the flow is mostly attached on the pressure surface; however, it is interesting to observe 

some small rolling up of the flow structures, similar to Kelvin–Helmholtz (KH) rolls, on the 

pressure surface near the trailing edge, which then combine with those from the suction surface 

and shed from the trailing edge. On the suction surface, the flow separates near the trailing 

edge; however, the flow separation is very small compared to that of Reynolds number of 

5×104. The rolling up of the separated shear layer and flow recirculation are seen near the 

trailing edge. Then, they combine with flow structures from the pressure surface and the vortex 
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shedding occurs from the trailing edge of the aerofoil. It is noticed that the frequency of the 

vortex shedding is smaller than that of Reynolds number of 5×104. The boundary layer 

separation is slightly higher at α=16o. The separation point moves towards the leading edge 

and the flow separates from approximately half of the chord length. The flow recirculation and 

separation bubbles are observed on the suction surface, which then drop from the aerofoil 

surface and leave from the trailing edge adding more turbulence to the flow. A significant 

difference between the two Reynolds numbers is observed at α=16o as the flow separation at 

this angle is remarkably small when the Reynolds number is increased to 1.5×105. For a given 

adverse pressure gradient distribution, the separation resistance of the turbulent boundary layer 

increases with increasing Reynolds number. It can also be said that raising Reynold number 

delays the stall as the stall phenomena does not occur at 16 degrees angle when Reynolds 

number is 1.5×105. This observation is consistent with the experiment in which it was seen that 

the stall angle moves to 14 degrees from 12 degrees when Reynolds number is increased to 

7.5×104 from 5×104 (See Fig. 3). Similar to the 0-degree angle of attack, the vortex shedding 

frequency is also smaller with the higher Reynolds number.  

 

 

T1 

  

T2 

  
 a) Re=50,000, α=0o b) Re=50,000, α=16o 



18 
 

T1 

  

T2 

  
 c) Re=150,000, α=0o d) Re=150,000, α=16o 
Fig. 6 Instantaneous vorticity contours over the NACA-4412 at different Re numbers and 

AoAs. 

The iso-surfaces of the axial vorticity for the angles of attack of 0 degree and 16 degrees at 

different Reynolds number including 5×104, 7.5×104 and 1.5×105 are shown in Figure 7. The 

vorticity structures are made visible using the function of the flow velocity. At the Reynolds 

number of 5×104, the flow separates from X/C = 0.58 when the angle of attack is 0 degree 

whereas the flow separation points move to X/C = 0.19 at α=16o. A large flow separation occurs 

near the leading edge at the 16-degree angle of attack, and the flow recirculation and the strong 

generation of vortex structures can be seen within the separation zone on the suction surface. 

Compared to the 0-degree angle of attack at which the vorticity structures are developed near 

the trailing edge, the flow is highly distorted, and the turbulence is amplified by the flow 

separation at α=16o. However, the size of the flow separation is reduced at both angles of attack 

when Reynolds number is increased to 7.5×104 as the higher wind speed increases the 

separation resistance of a turbulent boundary layer. The flow separation point is also delayed 

by increasing Reynolds number as it moves in the direction of the trailing edge to X/C = 0.39 

and X/C = 0.17 at the 0-dgree and 16-degree angles of attack, respectively. Formation of the 

Laminar Separation Bubble (LSB) and vortex structures and trailing edge role-up vortex can 

be seen on the suction surface leading to the laminar to turbulence transition near the trailing 
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edge. The vortex structures break down into smaller structures as they shed away from the 

trailing edge. In contrast to the Reynolds number of 5×104, the sizes of the vortex structures 

are smaller at this Reynolds number. Interesting flow structures are observed if Reynolds 

number is further increased to 1.5×105. Although the flow is mostly attached on the pressure 

surface at the angle of attack of 0 degree, some small rolling up of the wavy flow structures, 

similar to KH rolls, are seen near the trailing edge. At the 16-degree angle of attack, the flow 

separation is very small compared to that of the other two Reynolds numbers. The turbulent 

boundary layer becomes uniform due to the higher wind speed. The flow separation point 

moves slightly towards the trailing edge as the flow separates from X/C = 0.30 and X/C = 0.14 

at the angles of attack of 0 degree and 16 degrees, respectively. The flow separation points for 

different Reynolds number and angles of attack are presented in Table 2. It is seen that the flow 

separation point moves towards the leading edge when increasing the angle of attack whereas 

the separation is delayed and the separation point moves in the direction of trailing edge when 

increasing the Reynolds number. The higher wind speed intensifies the formation of separation 

bubbles and generation of vortex structures which make the flow more unsteady and turbulent. 

However, the vorticity structures downstream of the trailing edge are also smaller at this 

Reynolds number than the other two cases. The conclusions can be drawn from these 

observations that the size of flow separation can be reduced by increasing Reynolds number 

which, at the same time, triggers stronger separation bubbles and vortex generation that amplify 

flow disturbances and turbulence downstream of the trailing edge. 
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a) Re=5×104, α=0o 

 

b) Re=5×104, α=16o 

 

c) Re=7.5×104, α=0o 

 

d) Re=7.5×104, α=16o 

 

e) Re=1.5×105, α=0o 

TE vortex shedding  

Strong vortex generation & trailing 
edge role-up vortex in the separated 

region 

Wavy flow structure near the 
P.S. and S.S. of trailing edge 

Increased fluid mixing in separated 
shear-layer due to turbulent 

fluctuations 
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f) Re=1.5×105, α=16o 

Fig. 7 Isosurface contours of the spanwise vorticity over the NACA-4412 airfoil at different 
Reynolds numbers and AoAs. 

 

Table 2 Separation point on the surface of the wind turbine section for different Re and AoAs 

Re AoA   
 Xsep/C 

50,000 
0 0.58 
8 0.25 
16 0.19 

75,000 
0 0.39 
8 0.20 
16 0.17 

150,000 
0 0.30 
8 0.17 
16 0.14 

 

Figure 8 demonstrates the instantaneous dimensionless pressure contour around the aerofoil at 

different angles of attack at the Reynolds number of 5×104. Generally, the highest pressure is 

seen in the vicinity of the leading edge where the relative velocity has interactions with the 

blade. Depending on the angle of attack, the pressure distributions on the aerofoil surfaces vary. 

At the angle of attack of 0 degree, the low-pressure fields are noticed on both surfaces with 

some pressure bubbles leaving from the trailing edge of the blade. Raising the angle of attack 

increases the pressure difference between the two surfaces, which introduces the lift. However, 

at α=16o, the flow separation becomes very large as it lies within the post-stall region. As a 
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result, pressure fluctuations are detected on the suction surface and pressure bubbles are formed 

in the separation zone.  

 
a) Re=5×104, α=0o b) Re=5×104, α=8o 

 

c) Re=5×104, α=16o 

Fig. 8 Instantaneous Pressure contours over the blade for different angle of attacks at 

Re=5×104. 

Figure 9 illustrates the time-averaged pressure coefficients on both pressure and suction 

surfaces at different angles of attack and Reynolds numbers. At the Reynolds number of 5×104, 

the pressure difference between the two surfaces is very small at the angle of attack of 0 degree, 

which results in a small lift. At α=16o, the pressure difference between the two surfaces is larger 

than that of the 0-degree angle of attack; however, some pressure fluctuations are seen on the 

suction surface nearby the trailing edge due to the flow separation and formation of separation 

bubbles. This phenomenon can be visualised in Fig. 6 (c). Although a similar trend in pressure 

coefficient distribution is observed at the angle of attack of 0 degree at the Reynolds numbers 

of 5×104 and 7.5×104, some pressure variations are introduced near the trailing edge if the 
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Reynolds number is increased to 7.5×104. The pressure fluctuations near the trailing edge 

become stronger when raising the angle of attack to 16 degrees, and they are also stronger than 

that of the Reynolds number of 5×104. Due to a higher wind speed at the Reynolds number of 

1.5×105, pressure deviations are observed at both angles of attack; however, the deviation is 

more significant at α=16o. Therefore, it is now understood from the results obtained that 

increasing Reynolds number can reduce the size of flow separation and delay the stall 

phenomenon; however, at the same time, it imposes unsteady pressure fluctuations to the 

aerofoil surfaces due to stronger vortex generation.  

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

Fig. 9 Time-averaged pressure coefficient profiles over the wind turbine airfoil section at 

different Re numbers and AoAs  

The comparisons of the flow streamlines obtained from the experiment and the present DNS 

simulation at different angles of attack and Reynolds number are presented in Figure 10. It is 

seen that the present DNS simulation accurately predicted the flow separation and flow 

behaviour at all angles of attack at different Reynolds numbers. Therefore, it can be noted that 

the present DNS simulation is accurate and can be reliably used to predict the unsteady flow 

nature. Interestingly, the DNS simulation can provide more detailed flow information 

compared to the experiment. Flow recirculation and vortex generation in the separation zone 

as well as the laminar to turbulence transition process can be clearly observed and identified 

with the DNS simulation. However, it is very difficult or impossible to obtain these flow details 

through the experiment or other low-fidelity numerical models such Reynolds Averaged 

Navier-Stokes (RANS) models. Therefore, this can be marked as one of the novelties of the 

present DNS simulation, and the flow behaviours and information obtained from this paper can 

be used as references for validation of the numerical models. 
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a) Re=5×104, α=0o 

 

 

b) Re=5×104, α=16o 

  
c) Re=7.5×104, α=0o 

 

 

d) Re=7.5×104, α=16o 
Fig. 10 Comparison between the DNS results with experiments [6] for the instantaneous flow 

streamlines over the wind turbine blade section. 
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The variations of pressure fluctuations in the wake region of the wind turbine blade at the 

relatively lower and higher Reynolds numbers are shown in Figure 11. At the Reynolds number 

of 5×104, significant pressure fluctuations are detected at higher angle of attacks and the 

frequencies of pressure fluctuations are smaller at lower angles of attack. In contrast to the 

Reynolds number of 5×104, the pressure fluctuations are diminished at higher angles of attack 

and the frequencies are also smaller at greater values of the angle of attack. It is understood 

that this is another novelty of the present DNS simulation as it can provide the unsteady nature 

of the flow in the wake region in detail while this cannot be obtained with other low-fidelity 

numerical models.  

 

a) Re=50,000 
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b) Re=150,000 

Fig. 11 The variations of the pressure fluctuations in the wake region of the WT blade 

Figure 12 compares the vortex shedding from the aerofoil between the experiment and the 

present DNS simulation. The vortex structures at α=4o and Reynolds number of 2.5×104 are 

presented in this figure. Two classifications of vortex shedding due to LSB and trailing edge 

separation are identified in the vortex shedding process, and they can be clearly seen above the 

aerofoil and in the wake region. As seen, the present DNS simulation accurately identified both 

LSB and trailing edge vortex shedding, and they are consistent with the experiment.  

 

 

a) Present study, DNS, Re=2.5×104, α=4o 

LSB vortex 

shedding 

T. E. vortex 

shedding 
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b) Experimental visualisation [34] 

Fig. 12 Comparison of vorticity contours of DNS with experiments 

Figure 13 plots the instantaneous spanwise vorticity field for the angles of attack of 0 degree 

and 16 degrees at the Reynolds number of 5×104. This figure not only provides the vorticity 

structures in the spanwise direction but also highlights the laminar to turbulence transition 

process based on relatively low and high angles of attack. Generally, as the flow past the 

aerofoil surfaces, the flow becomes unsteady and separates at certain point depending on the 

angle of attack and the curvature of the aerofoil. The flow separation generates the separated 

shear layers which then roll up and break down into smaller vortex structures as the flow 

develops downstream. Finally, the flow becomes fully turbulent and vortex shedding occurs 

downstream of the trailing edge of which the vortex structures are similar to those of Karman 

vortex. The vorticity field is almost uniform in the spanwise direction. The effect of the angle 

of attack on the laminar to turbulence transition process can be seen in this figure. The flow 

disturbances due to the separated shear layers and vortex generation are amplified by the large 

flow separation when the angle of attack is increased to 16 degrees, which cause the flow to be 

more unsteady and turbulent. 
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a) 0    

b) 16    
Fig. 13 Instantaneous spanwise vorticity field plotted at Re=50,000 for wz=±30. 

The transition onset can be identified and indicated by means of the mean Reynolds stress. The 

distributions of the mean Reynolds stress, −𝑢ᇱ𝑣ᇱതതതതതതതത/𝑈
ଶ, over the aerofoil at the angles of attack 

of 0 degree and 16 degrees at the Reynolds number of 5×104 is presented in Figure 14. The 

threshold value of 0.0001 is plotted to indicate the transition onset. As shown, the transition 

happens in the separated shear layer and the location of the transition onset depends on the 

angle of attack. A strong concentration of Reynolds stress can be seen downstream of the 

trailing edge at the angle of attack of 0 degree whereas it can be observed after the transition 

occurs on the suction surface at the 16-degree angle of attack. The large structures break down 

into smaller ones as the turbulence develops downstream.  

Coherent vortices in the region on 
the suction side of the wing. 
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a) Re=50,000, α=0o 

 

b) Re=50,000, α=16o 

Fig. 14 Distributions of the mean Reynolds stress 2
0/u v U   over the NACA-4412 blade 

(The transition onset is indicated by the threshold value 0.0001). 

 

The instantaneous velocity profiles in the wake region of the NACA-4412 airfoil at Re=50,000 

are presented in Figure 15. The dimensionless wake profiles (u/U0) are plotted over the line 

between points A (1.2,-0.3,0.1), and B (1.2,0.3,0.1) with a distance of x=0.2 from the trailing 

edge of the wind turbine mid-section blade. The results show that strong fluctuations and back 

flows are generated in the wake region of the airfoils with high angle of attacks (𝛼 = 16°). As 

discussed earlier, the strong vortex generation and recirculation flows over the blades with high 

angle of attacks is the main reason for the fluctuations in the air flow velocity in this region.    

Transition onset 

Transition onset 
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Fig. 15 Instantaneous velocity profiles in the wake region over the wind turbine airfoil at 

Re=50,000 for different AoAs. 

Figure 16 depicts the impacts of polynomial-order on the power spectral density (PSD) in the 

wake region. According to the averaging periodograms model, the pressure signals at various 

time steps are divided in divisions with 50% similarity between them. The specifics of this 

technique can be found in Ref. [35]. The PSD of the variable F is defined by [35]: 
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f C U St

J J
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 (9) 

where St=fC/U, f and C are the Strouhal number, frequency, and the chord of the airfoil, 

respectively.  Ĵ  indicates the amplitude that can be calculated by doing Fourier transform of 

signals. It is seen that the numerical findings have convergency, and PSD values drop under of 

the -5/3 line. The results show that converging of the results over wind turbine blade with P=12 

is delayed in comparison with the same NACA-4412 wind turbine airfoil blade with P=8. It is 

due to the more computational time and higher CFL number for the case of P=12.  It can be 

seen that both of the cases are convergent and the selected time steps are appropriate for the 

computations over the NACA-4412 airfoil blade with Npl=48 and Lz=0.5. 
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Fig. 16 Spanwise power spectra of pressure signals against Strouhal number taken at probes 

right downstream of the airfoil trailing edge. 

4. Conclusions 

In this paper, direct numerical simulations of the transient flow past a section of a wind turbine 

blade are conducted based on NACA4412 aerofoil to investigate the flow structures and the 

laminar separation bubbles over the aerofoil surfaces at different angles of attack and wide 

ranges of Reynolds number. The main findings of the present study are as follows: 

 The Drag-Lift coefficients were compared with the experiment to ensure the accuracy 

of the present simulation on calculating the forces acting on the aerofoil surfaces. It is 

found that raising Reynolds number could delay the stall.  

 Comparison between the numerical results and the experiments for the flow structure 

and vortex generation revealed that the present DNS simulation accurately captured the 

flow structures as they are similar to those of the experiment. Previous numerical 

models were not able to capture the instantaneous pressure fluctuations over wind 

turbine blades, which cannot be obtained with other low-fidelity numerical models. 
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  Flow separation points are accurately predicted in the present DNS simulations, which 

show that flow separation points move towards the leading edge as the angle of attack 

increases whereas they move in the direction of the trailing edge when increasing 

Reynolds numbers.  

 Two classifications of vortex shedding such as LSB vortex shedding and trailing edge 

vortex shedding are identified, which is also consistent with the experiment. 

Visualisation of the vortex structures on the aerofoil surfaces show that strong vortex 

generation and flow recirculation are observed in the flow separation zone at α=16o 

when the Reynolds number is 5×104.  

 The size of separation is reduced if the Reynolds number is increased. It is also observed 

that vortex structures and vortex shedding frequencies are smaller at higher Reynolds 

number. However, increasing Reynolds number imposes higher pressure fluctuations 

on the suction surface of the aerofoil. The fluctuations are more significant at higher 

Reynolds numbers.  
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