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A B S T R A C T   

In this study, the flap and vortex generator (VG) mechanisms which were employed separately in aircraft were 
used as integrated first in literature. In this mechanism, the flap motion triggered and activated the VGs when it 
was needed at low speeds. Thus, this flap mechanism eliminated the unnecessary drag force generation when VGs 
were not needed. Numerical simulations which were validated with experimental data were employed in the 
study. In the first step, the flow characteristics formed on the S809 airfoil with 4 different flap angles (β = 30◦, 
20◦, 10◦, 0◦) were investigated without the VG. Then, those flow structures formed on the S809 airfoil with both 
flap and VG were examined under the same conditions. According to the results, utilizing flap and VGs together 
had a positive impact at low wind speeds. Moreover, due to the flap and vortex generator integrated mechanism 
closed up to be not unnecessary drag formation at high wind speeds, thus those structures increased further to the 
positive effect with the increasing wind velocity. In terms of energy output, it was shown that this novel idea 
provided more energy output in this study.   

1. Introduction 

A wind turbine can be operated in a wide range of angles of attack in 
the field. The variation of angles of attack or other external conditions 
can cause the flow separation or stall to form over wind turbine blades 
[1-4]. Flow separation and stall phenomena are undesirable conditions 
for wind turbine blades and can reduce their aerodynamic performance, 
causing high fatigue-external loads, lower energy outputs and aero
dynamic noises [3-5]. Therefore, they need to avoid flow separation and 
stall. In this respect, the flow near the wall and in the boundary layer 
must have adequate momentum. This assists the boundary layer to resist 
the effects of adverse pressure gradients (APGs), which are responsible 
for flow separation. So far, different flow control methods have been 
performed to prevent flow separation and stall phenomena [6-8]. 
Although the active flow control methods have been still preferred, they 

have lagged behind the passive flow control techniques since they do not 
need external energy [9-12]. Those passive flow control techniques can 
be assorted as follows: employing roughness material [13] and riblet 
[14], enforcing slots [15], taking into account the dimples [16] and 
grooves [17], utilizing flexibility [18-24], performing bio-inspired ap
plications [25-30], installing vortex generators (VGs) [31-33], and to 
name but a few. Besides these flow control studies, other studies were 
carried out to improve turbine performance by using different methods 
such as deflectors, concentrators or combined systems on wind turbines 
[34-38]. The results showed that these systems enhanced the maximum 
power coefficient of the turbine. 

VGs have a broad reputation in the field since they are cost-effective 
and simple. They are essentially some pairs of vanes, and they protrude 
from the solid surface with or without having specific angles upstream of 
flow separation. It can be said that the vortices formed from the tips of 
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VGs enhance the kinetic energy of the boundary layer by ensuring extra 
momentum and, hereby, flow separation or stall phenomena can be 
delayed, resulting in higher aerodynamic performance [39-43]. Pio
neered study on VGs was performed by Taylor to postpone the boundary 
layer separation of aircraft wings [41]. Thenceforth, both experimental 
studies and numerical simulations have been carried out to learn how 
VGs have affected the flow field around wind turbine blades. It can be 
pointed out that there are two categories in terms of their investigation 
field, (i) one category examines the flow structures around airfoils in 
conjunction with VGs, (ii) the other category focuses on the optimization 
and design of VGs. The first choice primarily focuses on the results of 
installing VGs and how they work. For example, Nickerson [42] exam
ined the aerodynamic properties of the NACA 0024 airfoil by using VGs 
at a low Reynolds number. His results pointed out that VGs were 
favorable when it was utilized at a 5% chord position. It was also indi
cated that the essential function of VGs was to decrease the effects of 
drag forces as the stall was controlled. The roles of VGs on thick airfoils 
were studied by Timmer and van Rooij [43]. They found that utilizing 
the VGs could postpone the stall angle with the increasing of the lift-drag 
ratio. A numerical simulation was performed to investigate the aero
dynamic performance of the S809 airfoil with and without the VGs [44]. 
The results clearly showed that the thickness of the boundary layer was 
reduced by VGs, resulting in the presence of less viscous forces although 
the drag increased. Zhu et al. [45] studied numerically the control of the 
dynamic stall of the NREL S809 airfoil with both VGs and leading-edge 
roughness. The leading-edge roughness increased the turbulence kinetic 
energy and caused the separated flow and dynamic stall to occur early. 
The VGs raised near-wall kinetic energy and suppressed the separated 
flow. 

The second option mainly tends to optimize the shapes and layouts of 
the VGs. In this regard, according to the review study performed by Lin 
[46] and Zhao et al [33], the site of the VGs installation should be close 
to the flow separation points. A study on NACA 4415 airfoil with the 
triangular and the rectangular VGs at Reynolds number 2 × 105 was 
studied by Fouatih et al. [47]. Their results clearly showed that the 
rectangular VGs produced more drag than the triangular VGs. An 
experimental study was performed to evaluate the performance of 
DU97-W-300 airfoil with VGs design [48]. Their result critically found 
that the chordwise positioning, vane height and array configuration 
were of prime importance. In contrast, the inclination angle, array 
packing density and vane shape in secondary importance. 

Apart from the applications of the VGs, flaps have been also utilized 
to enhance the aerodynamic performance of wind turbines in recent 
years [49]. In addition to improving aerodynamic performance, they 
were preferred in the wind turbine community for load control. Stuart 
et al. [50] performed a numerical analysis of flap efficiency in reducing 
blade load at wind turbines, highlighting, in particular, their capability 
for load control and power augmentation. The NREL 5-MW turbine’s 
dynamic load alleviation of flaps was the subject of intensive numerical 
analysis by Ng et al. [51], which effectively showed equivalent re
ductions in the blade-root bending moment and tip deflection of 12 and 
20%. Furthermore, load alleviation was enhanced with sinusoidal flap 
deflection [52] and novel flap control strategies [53-56]. 

To date, employing VGs and flaps on wind turbine blades has 
admitted considerable attention, but independently. In addition to this 
attention, additional drag formation is inevitable in the independent 
usage of these mechanisms. Moreover, the combined impacts of VGs and 
flaps on the aerodynamic characteristics of wind turbine blades were 
unclear, rare, and even absent in the wind turbine literature. In this 
context, this study will be the first time to the combined impacts of the 
VGs and the flaps on the aerodynamic performance of wind turbine 
blades. Consequently, the objective of this study is to ensure a deep 
understanding of when those two passive flow control techniques are 
employed on wind turbine blades at the same time. Numerical simula
tions which were validated with experimental data were performed to 
identify flow characteristics formed on the surface of the uncontrolled 

S809 airfoil (without VG and flap). In what follows, the integrated 
mechanism of the VG and the flap over the S809 airfoil was investigated 
by simulating at Reynolds numbers of 0.4 × 105 and 1.2 × 105. In this 
system, the flap motion triggered the VG and activated the VG when 
needed at low speeds. Thus, this flap mechanism eliminated the un
necessary drag force generation when the VGs were not needed. In the 
simulations, the S809 airfoil with VGs (model-1), S809 airfoil with 
trailing-edge flap (model-2) and S809 airfoil with the integrated case 
(model-3) were considered. 

Concerning the essential path of this study, a literature study was 
conducted to figure out the airfoil type and to see which type of studies 
about passive flow control with VGs and flaps in advance. This was 
shown in Section 1 of the paper. Section 2 consisted of the material and 
methods including test airfoil, and numerical simulation. The obtained 
data from the numerical simulation were post-processed, evaluated and 
then discussed in Section 4. The final remarks were provided in the 
conclusion section. 

2. Material and methods 

2.1. Airfoil model 

In this study, the most well-known NREL S809 airfoil which is the 
most preferred in the wind turbine community is selected [43]. As 
mentioned earlier, the objective of this study was to examine aero
dynamic performance as well as flow structure formed on S809 with 
integrated passive flow controllers such as VGs and trailing-edge flaps 
compared to the baseline model. In this context, as illustrated in Fig. 1, 
the baseline S809 airfoil and its controlled configurations like VGs, 
trailing-edge flap and integrated cases were investigated, respectively. 
In terms of better understanding how the integrated S809 airfoil worked, 
the figures were illustrated in 3D, whilst all numerical simulations were 
performed in 2D. For all cases, the chord (c) and span (s) lengths were 
200 mm and 200 mm, respectively. In this study, the controlled S809 
airfoil was compared to the baseline model at Reynolds numbers of 0.4 
× 105 and 1.2 × 105. As technical information of the S809 airfoil with 
VGs in Fig. 1(b), the VGs were mounted along a straight line at 25% 
chord-wise close to the leading edge of the airfoil, the height of VGs was 
determined as 0.5 mm and the length was determined as 4 mm [57]. As 
the geometrical parameter of the S809 airfoil with trailing-edge flap in 
Fig. 1(c), it was obtained by cutting from the point 30% chord-wise close 
to the trailing edge of the airfoil. The VGs of the integrated airfoil were 
of the same size as those shown in figure b, and their flap dimensions 
were identical to those shown in figure c. Hereinafter, S809 with VGs, 
S809 with trailing-edge flap and S809 with the integrated case were 
referred to as model-1, model-2 and model-3, respectively. 

2.2. Numerical analysis 

Related to the numerical model, the Reynolds-averaged Navier 
Stokes (RANS) with the laminar kinetic energy model was utilized to 
analyze the low Reynolds number flow in this study [58]. The newly 
developed k-kl-ω model is a three-equation eddy-viscosity type, which 
contains transport equations for turbulent kinetic energy (kT), laminar 
kinetic energy (kL), and the inverse turbulent time scale (ω). The 
equations were solved by ANSYS-Fluent 18.2 solver. This model was 
selected because it was found to be too reasonable in terms of better 
estimation of the formation of laminar separation bubble (LSB), flow 
separation and reattachment as well as transition to turbulence [59,60]. 
Concerning the domain and mesh generation as denoted in Fig. 2, the 
flow domain as well as mesh distribution near the airfoil and its surfaces 
were ensured. The domain dimensions were obtained in pursuance of 
the airfoil’s diameter, as was performed in our previous studies [61–63]. 
The airfoil was positioned 10 c from the inlet and 20 c from the outlet. It 
was pointed out that the length of the wake region of the airfoil was 
larger to provide a full development of the wake in the downstream 
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region. The inlet and outlet were 20 c wide; the walls were 30 c wide. U∞ 
= 3.58, 10.74 m/s was at the inlet, constant pressure was at the outlet, 
and stationary non-slip conditions were on the turbine and flow domain 
walls. The first layer thickness of the mesh structure was 1 × 10-4 mm 
and inflation layers at a growth rate of 1.2 were applied. The maximum 
y+ value around the airfoil was about 2 which was suitable for 
reasonable results. The y+ values over the airfoil were between 0.05 and 
1 except for the leading edge. In addition, a tetra mesh structure was 
utilized. The selected convergence criterion for the residuals was 1.0 ×
10-6. The second-order upwind approach was employed to produce 
spatial discretization and provide minimum numerical diffusion after 
selecting the Semi-Implicit Method for Pressure Linked Equations- 
Consistent (SIMPLEC) solution methodology. The physical properties 
of flow inside the domain were mainly its dynamic viscosity and density 

taken as μ = 1.79 × 10-5 kg/m.s and ρ = 1 kg/m3 respectively. Detailed 
information concerning computational mesh was ensured as seen in 
Table 1. 

Related to the mesh independency and validation studies as indi
cated in Fig. 3, the drag coefficient was taken into consideration for a 
proper number of elements. It was seen that the drag coefficient was 
nearly 0.085 when the number of elements was 0.1 × 106. In what 
follows, the drag coefficient decreased gradually when the number of 
elements increased until 1 × 106. After 1 × 106, the drag coefficient was 
approximately constant, and its value was 0.048. Furthermore, this 
value was well matched with the experimental findings performed by Qu 
et al. [64]. Hence, 1 × 106 was accepted as the number of elements in 
this study. Additionally, the numerical simulation for mesh indepen
dency was conducted at Reynolds number of 1.1 × 105, α = 10◦ so as to 
compare same values of parameters from the study of Qu et al. [64]. 

3. Results and discussions 

3.1. Aerodynamic performance results 

This section presented the aerodynamic performance of the 

Fig. 1. Types of investigated airfoils, a) Baseline (the uncontrolled case), b) S809 with VGs, c) S809 with trailing-edge flap, d) S809 with integrated case (VGs +
trailing-edge flap). 

Fig. 2. The schematic of the flow domain with its close views.  

Table 1 
Main properties of the computational mesh.  

Airfoil NREL S809 

Chord length c 0.2 m 
VG height h 0.5 mm 
VG position 0.25*c 
Flap position 0.7*c 
Flow velocity 3.58 and 10.74 
Reynolds number 0.4 × 105 and 1.2 × 105 

First layer spacing 1 × 10-4 

y+ 1 
Far-field distance 30*c 
Normal growth ratio 1.2  
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controlled S809 airfoil compared to the baseline model at Reynolds 
numbers of 0.4 × 105 and 1.2 × 105. The comparison of different settings 
in terms of aerodynamic performance effects was shown in Fig. 4(a). The 
results demonstrated that CL values belonging to model-2 and model-3 
were higher than baseline and model-1. At Re = 0.4 × 105, utilizing 
only VGs on the surface of the airfoil did not influence so much in terms 
of aerodynamic performance compared to the baseline. On the other 
hand, the aerodynamic performance of employing only flap with β = 30◦

was higher than model-3 when α < 8◦. When α > 8◦, both employing 
VGs and flap on airfoil boosted aerodynamic performance enormously. 
In particular, aerodynamic performance enhanced by ~ 18% and 20% at 
α = 10◦ and α = 12◦, respectively. When Re = 1.2 × 105 as seen in Fig. 4 
(b), model-2 exhibited the highest aerodynamic performance compared 
to the other configurations and baseline model. In addition to the lift 
coefficient enhancement, the drag coefficients of the baseline model and 
model-1 were less than other configurations for both Reynolds numbers 
as demonstrated in Fig. 5 due to the flow control. Additionally, it was 
observed that the drag coefficient of model-2 varied much more than 

other configurations with changing angles of attack. This most probably 
showed that flap motion at model-2 exhibited a more dominant role 
variation of velocity and pressure amounts on the surface of the airfoil. 
In contrast to model-2, the curve of drag coefficient belonging to model- 
1 did not change with varying angles of attack and even it kept its trends 
with the curve of drag coefficient trend belonging to the baseline model. 

3.2. Discussion of u/U∞ and streamlines belonging to model-3 
configuration 

In this study, the logic of the integrated system was as follows: the 
flap and the VG were in the open position when the wind turbine was not 
operating, and the flap was closed up due to the moment of inertia of the 
flow with the increase of wind speed. The VG connected to the flap with 
a mechanism also entered its slot in the blade thanks to the flap closing. 
Thus, at low wind speeds, the flap and the VG provided an improvement 
in low Reynolds number flow around the turbine blade, and the flap 
angle and the VG height decreased as the wind velocity increased. These 
reductions decreased unnecessary drag formation. When the wind speed 
had enough inertia to bring the flap to the fully closed position, both the 
flap and the VG were hidden and drag formation was prevented. When 
the wind speed decreased again, the integrated system with a spring 
mechanism came into operation again and supplied control of the flow. 

To explain the flow phenomena, in Fig. 6 and Fig. 7, the values of CL/ 
CD with varying of β for the model-3 were demonstrated at different 
Reynolds numbers and α = 4◦. Furthermore, CL/CD graphs were sup
ported with the velocity contours corresponding to different β angles. 
When Re was 0.4 × 105, it was observed that CL/CD gradually decreased 
as the flap angle decreased from β = 30◦ to β = 0◦. Especially, the 
simultaneous motion of VGs and the flap at model-3 caused greater CL/ 
CD to form at higher flap angles. However, it was seen that CL/CD was 
nearly 2.1 when β = 0◦, resulting in the presence of the lowest aero
dynamic performance at this flap angle. When Re = 1.2 × 105, the 
opposite curve trend according to the previous situation occurred at Re 
= 0.4 × 105 appeared. At β = 30◦ to β = 20◦, the values of CL/CD were 
5.7 and 5.8, respectively. Afterwards, the CL/CD curve displayed a 
gradual upward shift by utilizing both the VGs and the trailing-edge flap. 
As physically explained, it could be inferred that working both the VGs 
and trailing-edge flap together at a lower Reynolds number caused the 
pressure in the lower surface to be high when the flap angle was higher 
(inherently maximum VGs height), resulting in presence of maximum 

Fig. 3. Mesh independence, Re = 1.1 × 105, α = 10◦.  

Fig. 4. Lift (CL) coefficient graphs, a) Re = 0.4 × 105, b) 1.2 × 105.  
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Fig. 5. Drag (CD) coefficient graphs, a) Re = 0.4 × 105, b) 1.2 × 105.  

Fig. 6. The results at different positions of flap and VGs integrated system (model-3), at Re = 0.4 × 105, α = 4◦.  
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pressure difference among the airfoil surfaces. Moreover, hiding the 
VGs-trailing edge combination provided the drag reduction and there
fore CL/CD increased at smaller flap angles when the Reynolds number 
was relatively higher. 

2D streamlines as well as vortices in the wake region of model-3 
configuration were investigated to explain the results as illustrated in 
Fig. 8. The results were provided according to different Reynolds 
numbers and trailing-edge flap angles. When Re = 0.4 × 105 and β = 0◦, 
adverse pressure gradients had a dominant impact on boundary layer 
and it was observed that there was boundary layer flow separation at the 
middle part of the airfoil because of existing of those negative effects of 
adverse pressure gradients. Furthermore, flow vortices existed at both 
sides of the trailing-edge flap. The flow vortices on the flap caused the 
vortex shedding to form. Those flow vortices moved towards the wake 
region of the airfoil, resulting in an existing larger wake size at a lower 
Reynolds number. However, this larger wake size turned into a narrower 
wake region where the influence of vortex shedding reduced when 
Reynolds number (flow velocities) increased. As expected, the size of 
flow circulation on the surface of the trailing-edge flap was bigger with 
increasing the flap angle to β = 30◦. If the flap angle is increased further, 
flow separations on both the flap and the wing increase and the stall on 
the blade may occur. Similar behavior was also observed for Re = 1.2 ×
105. However, the size of flow circulation was relatively smaller than 

those that occurred at Re = 0.4 × 105 since increasing the Reynolds 
number (flow velocity) caused inertial forces to be more dominant than 
viscous forces. 

In terms of better understanding, the flow characteristics formed on 
Model-3 configuration, turbulence statistics including distributions of 
laminar kinetic energy and turbulence intensity were comprehensively 
considered at different Reynolds numbers and trailing-edge flap angles 
as depicted in Fig. 9 and Fig. 10, respectively. As seen in these figures, 
when the flap and VG operated at β = 30◦, the laminar and turbulent 
kinetic energies increased, and both the flap and VG triggered the vortex 
formations. Those laminar and turbulent kinetic energies identify the 
number of fluctuations because of the presence of small and larger 
eddies in the boundary layer [59,61,65]. Besides, the flow over the 
airfoil was the attached flow as the Reynolds number was raised. 

3.3. Evaluation of power efficiency of the model-3 configuration 

Improvement in the aerodynamic performance of the blade points 
out to an increase in the energy output of wind turbines. In terms of 
energy conversion, the power efficiency (PE) of the model-3 was 
calculated by using Equation (1) [20,66]: 

Fig. 7. The results at different positions of flap and VGs integrated system (model-3), at Re = 1.2  × 105, α = 4◦.  
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PE =
C3/2

L

CD
(1) 

To compare the power efficiency at low speed with that at high speed 
for α = 4◦, Fig. 11 was given. When the flap and VGs were off (β = 0◦), 
the calculated power efficiency from aerodynamic force coefficients was 
3.18 at low wind speed. By utilizing the flap-VG integrated mechanism, 
the power efficiency was raised to 7.48 with an increment of 135%. As in 
the classical practice of wind turbines if the VGs fixed on the wind 
turbine blade, the power efficiency was 8.58 at high wind speed, while 

this value was raised to 14.47 with an increment of 69% if the flap and 
the VGs were closed by using the integrated mechanism. As mentioned 
before, this mechanism will be placed inside the blade with a spring 
mechanism and the wind turbine will operate while the flap and VGs are 
open at low speeds, and the power efficiency raised owing to the flap and 
VGs at low speeds. Then, with the increase in wind speed, the flaps and 
VGs will close automatically (without additional energy demand) thanks 
to wind inertia, and unnecessary aerodynamic performance reduction 
will be prevented. If the wind speed decrease again, the spring 

Fig. 8. Streamlines of model-3 configuration at different Reynolds numbers and flap angles.  

Fig. 9. Contour plots of laminar kinetic energy at different Reynolds numbers and flap angles.  
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mechanism will bring the flap and Vg back to the open position. 
Therefore, with this patent-protected idea [67], the power efficiency in 
the wind turbine will be used to the maximum in any case, as can be seen 
in Fig. 11. 

4. Conclusion 

In this study, the integrated flap-VG mechanism was considered to 
control the low Reynolds number viscous flow over the wind turbine 
blade airfoil. The VG was connected to the flap with a mechanism 
assumed to enter its slot in the blade based on the flap closing. Thereby, 
the flap and the VG planned to provide an improvement at low wind 
speeds, then the flap angle and the VG height decreased as the wind 
speed increased to prevent to unnecessary drag formation. The result 
pointed out that the lift drag ratio of the S809 airfoil without a flow 
controller (baseline case) was CL/CD = 1.9 at a Reynolds number of 0.4 
× 105. The lift drag ratio at the same Reynolds number was found as CL/ 
CD = 3.4, CL/CD = 4.5 and CL/CD = 4.16 for S809 airfoil with model-1, 

model-2 and model-3, respectively. At Reynolds number of 1.2 × 105, 
CL/CD of baseline case was 12.8. This ratio was determined as 12.7, 8.9, 
and 5.71 for S809 airfoil with model-1, model-2 and model-3, respec
tively. It resulted that working both the VGs and trailing-edge flap 
together (model-3) at a lower Reynolds number caused the pressure 
gradient on the pressure surface to be high when the flap angle was 
higher (inherently maximum VGs height), resulting in presence of 
maximum pressure difference among the airfoil surfaces. Moreover, 
hiding the VGs-trailing edge combination provided the drag reduction 
and therefore CL/CD increased at smaller flap angles when Reynolds 
number was relatively higher. 

In terms of energy output improvement, it was shown that this novel 
idea provided more energy output in this study. When the flap and VGs 
were off, the power efficiency was 3.18 at low wind speed. By utilizing 
the flap-VG integrated mechanism, the power efficiency was raised to 
7.48. As in the classical practice of wind turbines if the VGs fixed on the 
wind turbine blade, the power efficiency was 8.58 at high wind speed, 
while this value was raised to 14.47 if the flap and the VGs were closed 

Fig. 10. Contour plots of turbulent intensity at different Reynolds numbers and flap angles.  

Fig. 11. Power efficiency improvement of the model-3 at different Reynolds numbers and flap angles.  
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by using the integrated mechanism. With this mechanism placed inside 
the blade with a spring mechanism, the flap and VGs will be open po
sition at low speeds. Then, with the increase in wind speed, the flaps and 
VGs will close automatically. If the wind speed decrease again, the 
spring mechanism will bring the flap and Vg back to the open position. 
Therefore, with this patent-protected idea, the power efficiency in the 
wind turbine will be able to use to the maximum at every wind speed. 
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