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Abstract: The current study is aimed at investigating the influences of vortex generator (VG) applica-
tions mounted to the suction and pressure surfaces of the S809 wind turbine airfoil at low Reynolds
number flow conditions. Both single and double VG applications were investigated to provide
technological advancement in wind turbine blades by optimizing their exact positions on the surface
of the airfoil. The results of the smoke-wire experiment for the uncontrolled case reveal that a laminar
separation bubble formed near the trailing edge of the suction surface, and it was moved towards
the leading edge as expected when the angle of attack was increased, resulting in bubble burst and
leading-edge flow separation at α = 12◦. The u/U∞, laminar kinetic energy and total fluctuation
energy contours obtained from the numerical study clearly show that both the single and double
VG applications produced small eddies, and those eddies in the double VG case led the flow to be
reattached at the trailing edge of the suction surface and to gain more momentum by energizing.
This situation was clearly supported by the results of aerodynamic force; the double VG application
caused the lift coefficient to increase, resulting in an enhancement of the aerodynamic performance.
A novel finding is that the VG at the pressure surface caused the flow at the wake region to gain more
energy and momentum, resulting in a reattached and steadier flow condition.

Keywords: design optimization; wind energy; numerical simulation; experimental investigation;
optimum VG applications; aerodynamic performance; airfoil

1. Introduction

Due to the consuming of fossil energy resources such as natural gas, coal and petroleum
alternatives, as well as global warming, sustainable progress in the energy sector has sig-
nificantly grown in the past decades. Regarding the low carbon economy, it has started to
become more crucial, especially among developed countries.

In recent years, wind energy has improved its reputation, and it has started to spear-
head electricity production among renewables [1,2]. Regarding the increase in aerodynamic
performance and the extraction of more power from wind energy [3], aerodynamic investi-
gators have performed numerous studies so far [4]. They aimed to mitigate and suppress
a few flow phenomena such as boundary layer separation, unsteady flow characteristics
and laminar separation bubbles (LSB) formed over wind turbine blades [5] operating at
low Reynolds number regimes [6–9]. Their experimental or numerical results indicate that
these phenomena both negatively affected the aerodynamic performance of wind turbine
blades and caused disturbing noise and vibration [10–12]. Therefore, a strong interest was
developed among aerodynamic researchers in terms of flow control techniques [13–25].
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As mentioned in the flow control study presented by Genç et al. [25], flow control
techniques generally have two sub-branches, including laminar flow and turbulence manip-
ulation. Also, turbulence manipulation methods can be divided into two essential branches,
which are passive and active control techniques. Active control methods have not been as
widely performed because both of their installation processes are more time-consuming
and their experimental rigs are relatively expensive compared to passive control methods.

Among passive control techniques, vortex generators (VGs), which are the most
famous in terms of the production of turbulence manipulation, have been extensively used
in different applications such as all flight vehicles [26], solar chimneys [27], etc. The essential
mission of VGs is to energize the flow in the boundary layer by transmitting momentum
from the main flow, resulting in the boundary layer separation being hindered [28–30].
The pioneering study was studied by Taylor [31], and many aerodynamic engineers have
so far studied the application of VGs in their studies, as shown in Table 1. Unlike the
studies on VGs that are summarized in Table 1, this study aims to investigate the VGs
mounted on both the suction surface and pressure surface of the S809 airfoil as a novelty. A
detailed investigation of the function of VGs was conducted into the two main structures
as follows: (i) the wind tunnel research, including the smoke-wire visualization and force
measurement tests, as well as a comprehensive numerical simulation, were performed to
observe the flow on both the suction and pressure surfaces of the uncontrolled S809 airfoil
at different Reynolds numbers and angles of attack; (ii) after the suitable positions of VGs
were found, the detailed numerical simulation was fulfilled for the controlled S809 airfoil.

Table 1. The relevant studies in the literature with regard to VG applications.

Test Specimen Reynolds Number Range or
Free-Stream Velocity Study Type Explanation Citation

DU-97-W-300 3 × 106 CFD simulation
Using VGs resulted in both an increment
in the maximum lift and increase in the

stall angle.
[32,33]

NACA 23012C
NACA 632217

0.7 × 106 < Rec < 1.1 × 106

0.27 × 106 < Rec < 1.3 × 106
Wind tunnel

research

For both airfoils, an increase in CL, max
and delay in drag rise was observed.

Furthermore, suppression of trailing-edge
flow separation was observed.

[34]

LS(1)-0417GA(W)-1 0.8 × 105 and 1.6 × 105 Wind tunnel
research

At higher Reynolds number, a rise in both
the stall angle and maximum lift

coefficient was observed.
[35]

DU-97-W-300 2 × 106 Wind tunnel
research

Using VGs helped the stall to decrease.
Furthermore, the load fluctuations were

increased in the stall regime
employing VGs.

[36]

NASA LS-0417 0.83 × 105 and 1.18 × 105 Wind tunnel
research

The improvement in airfoil performance
did not occur when implementing NASA
LS-0417 at given Reynolds numbers. But

at a larger Reynolds number, CL/CD
increased by approximately 36%.

[37]

Simpler (2D)
geometry Between 1 m/s and 10 m/s Wind tunnel

research

Two different VG applications were
investigated. The results show that VGs

with counter-rotating types ensured better
results compared to VGs with

co-rotating configurations.

[38]
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Table 1. Cont.

Test Specimen Reynolds Number Range or
Free-Stream Velocity Study Type Explanation Citation

NREL S809_1 1 × 106 CFD simulation

Their results indicate that the installation
of VGs at the 10% chord position caused

the stall phenomenon to increase from 14◦

to 18◦. In addition, the output power was
extracted around 96.48% when the double

VG configuration was utilized.

[39]

DU91-W2-250 2 × 106 CFD simulation

The used computational models are
compared with the experimental results

presented in the literature. They exhibited
great coherence between each other.

Moreover, the vortex sheds coming from
the VGs caused the stream flow to remain

attached to the solid surface.

[40]

NACA 4415
S814 1.5 × 106 CFD simulation

Their results conclude that the stall was
postponed, and the maximum

lift increased.
[41]

NTUA-T18 0.87 × 106 Wind tunnel
research

The stall cell was postponed for α = 5◦,
and the lift rose to α = 15◦ [42]

RAF-19 1.93 × 105 CFD simulation

The positive effects of VGs exhibited a
more dominant and crucial role in more

cambered airfoils than less
cambered airfoils.

[43]

NACA 4415 2 × 105 Wind tunnel
research

In terms of controlling the boundary layer
separation, the triangular VG type was

best suited. Also, using the coupled VGs
ensured the maximum lift coefficient

increase by 21%, while the flow separation
was postponed by 17◦.

[44]

NREL S809_2 1 × 106 CFD simulation

The vortex generators located at different
x/c on the airfoil suction surface were

investigated numerically. In addition to
the location, a detailed study was

conducted on the height of the
vortex generator.

[45,46]

2. Investigation Methods

As mentioned earlier, the investigation methods of this study consist of both exper-
imental investigations in the wind tunnel and detailed numerical simulations. These
techniques are explained in detail in the sub-chapters of this paper.

2.1. Experimental Arrangements
2.1.1. Test Model and Wind Tunnel

A series of experiments were conducted in the low-speed suction-type wind tunnel
belonging to the Wind Engineering and Aerodynamic Research Group (WEAR) at Erciyes
University. The characteristic features of the wind tunnel were as follows: a 50 cm × 50 cm
test chamber surrounded with Plexiglas material for visualization experiments; a low
turbulence intensity of 0.3% at maximum free-stream velocity (~40 m/s), which was
convenient to investigate flow characteristics forming, especially at low Reynolds number
regimes [24,47,48]. Detailed technical specifications for the wind tunnel are illustrated in
Table 2. As a test model, the S809 airfoil was utilized since it was frequently preferred for
horizontal axis wind turbines (HAWTs) such as NREL Phase VI and other applications,
which ensured that the most comprehensive data were obtained [49]. The test model was
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manufactured using a 3D printer. After manufacturing, all surfaces of the airfoil were
cleaned using sandpaper, and its surfaces were then painted with a rapid-drying acrylic
spray to provide a very polished surface. The Plexiglas was utilized at each tip of the airfoil
in order to prevent the tip vortices effects. Its chord and span lengths were 200 mm and
200 mm, respectively. The air density is 1 kg/m3 in our laboratory. The blockage ratio of
the model at α = 12◦ was under 7%, and there were no blockage corrections needed in the
experimental results [48].

Table 2. Technical features of the wind tunnel [48].

Design Suction Type and Low Speed

Length of tunnel 13 m
Test section Length (4 m), Height (0.5 m), Width (0.5 m)

Motor Type: DC motor; Power: 15 kW; Frequency: 50 Hz
Model H4, 1000/15A

Capacity 45,000 m3/h, 450 PA
Flow velocity 3 m/s < U < 40 m/s

Turbulence level 0.3% < Tu < ~0.9%
Nozzle Contraction cone: 9:1

Related to the dimensions of the VG, they are illustrated as a sketched image in
Figure 1. The height of the VG is symbolized by h, and its length is L. In this study, the
height of the VG was determined to be 0.5 mm, and the length was determined to be 4 mm.
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Figure 1. Schematic of the VG setting.

To obtain a better understanding of the position of the VGs, they were sketched and
tabulated, as shown in Table 3. Furthermore, each configuration of the VGs is named from
Case 1 to Case 8 hereinafter. It was clearly pointed out that a single application of VGs
on the suction surfaces was determined between Case 1 and Case 5 [50], while a double
application of VGs on both the suction and pressure surfaces was assigned between Case 6
and Case 8 according to their position chordwise.

Table 3. The configuration of VGs.

Configurations Positions of VGs Sketches

Case 1

Suction surface
x/c = 0.1
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Table 3. Cont.

Configurations Positions of VGs Sketches

Case 2

Suction surface
x/c = 0.2
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Table 3. Cont.

Configurations Positions of VGs Sketches

Case 8

Suction surface
x/c = 0.3
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2.1.2. The Smoke-Wire Test

To visualize the flow phenomena on each surface of both the uncontrolled and the
controlled S809 airfoils, the smoke-wire experiment was performed at different Reynolds
numbers and angles of attack. The method was relatively easier than other flow visualiza-
tion techniques. The equipment of the method included the following: (i) a thin copper
wire in conjunction with its thickness of 0.03 mm, allowing us to form the suitable smoke
sheets chordwise; (ii) an electric resistance heating system with a hand adjustment used for
heating the wire and burning the oil droplets; (iii) oil; (iv) halogens to brighten and observe
the flow phenomena in the test chamber; and (v) a compact camera with its tripod to
record the flow phenomena during the tests. As seen in Figure 2, the thin copper wire was
vertically positioned at 1.5c in front of the S809 airfoil. The draining process of the oil was
manually performed on the wire. We waited for a while after the draining process so that
homogeneous distribution was ensured along the wire. The electrically resistive heating
was operated to burn a homogeneous oil droplet. The smoke sheets that formed in the test
chamber after burning the wire were brightened by using halogens. A compact camera
recorded videos of the smoke sheets. These videos were then divided into 1000 frames
to obtain instantaneous images of the smoke sheets. Then, high-resolution instantaneous
images were selected.
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2.1.3. Hotwire Experiment

The velocity profile at the wake region ensures good results in terms of the flow
phenomena that form over the suction surface thanks to the shedding of the vortices. In this
respect, the hotwire measurement was conducted, as seen in Figure 3. A one-dimensional
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(55P16 type) hotwire probe was employed during the test in the wake of the S809 airfoil.
The chord length of the model airfoil was 200 mm. It was positioned 0.5c away from the
trailing edge, and it was run along the vertical axis (axis-y) at the wake region. In relation
to the probe motion along the vertical axis, a traverse system that was able to move at both
axis x and axis y was utilized. It was placed under the test chamber, and support rods were
linked with the traverse system. Those support rods were used for the probe connection,
as illustrated in the closed view. In relation to the technical specification of the hotwire
measurement, the probe was run vertically at the wake region, and it gathered the data
at 23 points with an interval of 5 mm (total measurement was carried out along 110 mm).
Furthermore, it was run for 10 s at 2 kHz, resulting in 20,000 data samples obtained for
each point. In terms of better accuracy, a probe calibration was carried out before every test
using the reference velocity probe.
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2.2. Numerical Method

Apart from the experimental investigation, a numerical simulation was performed to
determine the convenient position of VGs over the surfaces of the airfoil. RANS (Reynolds-
Averaged Navier–Stokes) equations were solved using ANSYS-Fluent software to obtain
the effects of VGs on the flow of the S809 airfoil. As seen in Figure 4, the domains of
both the uncontrolled and the controlled S809 airfoil were formed by meshing. Regarding
the mesh generation, two-dimensional (2D) cell types were used, resulting in a C-type
structured quadrilateral mesh. To obtain a convenient and reliable number of nodes from
mesh generation, the mesh independency study was fulfilled, as illustrated in Figure 5. It
was then decided that the number of nodes of the mesh structures was about 1.5 × 106.
Furthermore, the value of y+ was about 1, allowing for the user to obtain more accurate
results on the boundary layer of the airfoil. Regarding the residuals, the convergence
criteria were preferred as 10−5. The SIMPLEC solution algorithm was chosen, and the
second-order upwind method was performed to obtain spatial discretization.

Regarding the detailed information on the C-type mesh as performed in the previous
study [51], it consisted of inlet, outlet and far-field domains. The velocity inlet was applied
to the inlet domain, while the pressure outlet was recognized in the outlet domain. Similarly
to the authors’ previous study [52], the airfoil was located 10c away from the far-field, and
the velocity inlet was 20c away from the pressure outlet. The non-slip condition for the
walls was assigned for the airfoil and VGs. For the 2D simulation, the transition k-kL-ω
model was performed. The k-kL-ω model was a three-equation eddy-viscosity type, which
includes transport equations for the turbulent kinetic energy (kT), laminar kinetic energy
(kL), and the inverse turbulent time scale (ω). Moreover, the total fluctuation kinetic energy
is the total of the turbulent kinetic energy (kT) and laminar kinetic energy (kL).
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3. Results and Discussion

The instantaneous flow images formed over the suction surface of the uncontrolled
S809 airfoil are shown in Figure 6 by capturing them from the smoke-wire test at
Re = 0.4 × 105 and 0.6 × 105. As the smoke-wire experiment did not allow for quality
images to be obtained at higher speeds, the tests could be performed at these Reynolds
numbers. For Re = 0.4 × 105, the LSB was seen at the trailing-edge part of the S809 airfoil
at α = 0◦, and as expected, it started to move towards the leading edge when the angle
of attack increased with the intervals of 4◦. After a while, the flow started to separate
from the solid surface with the dominant adverse pressure gradients (APGs), causing the
presence of the leading-edge flow separation with the LSB burst at α = 12◦. As mentioned
in the detailed study presented by the current authors [11], vortex shedding, which gave
information with regard to the progress of the LSB, was also illustrated, especially at larger
angles of attack. It played a crucial role in terms of both the observation of the LSB char-
acterization and how it affected the wake region of the airfoil. The size of the LSB was
relatively minimized when the Reynolds number increased to Re = 0.6 × 105 as a result of
the increasing inertial forces. This caused the APGs to overcome their effects, and there was
no boundary layer separation, at least until α = 8◦. However, at α = 12◦, the flow separated
nearly at x/c = 0.3, causing leading-edge separation.
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In this part, the numerical results at α = 8◦ for three different Reynolds numbers were
compared with the experimental results [53] in Table 4 for validation. The experimental
results at α = 8◦, which corresponded with our numerical results, were used for comparison.
When all the results in Table 4 were examined, it was observed that our numerical results
were close to the experimental results [53]. This shows that our numerical studies are
reasonable and consistent. Thus, the VG studies were continued.

Table 4. The validation of the results of lift force coefficient for S809 airfoil at different Reynolds
numbers for α = 8◦.

CL at α = 8◦ Re = 0.4 × 105 Re = 0.8 × 105 Re = 1.2 × 105

Uncontrolled Experimental [53] 0.51 0.85 0.90

Uncontrolled Numerical 0.55 0.82 0.90

The aerodynamic forces as well as their ratios for α = 12◦ and Re = 0.4 × 105 were
acquired by means of numerical simulation for the controlled S809 airfoil configurations,
as illustrated in Table 5. The objective of Table 5 is to determine the S809 airfoil using VG
configurations that exhibited the best aerodynamic performance. In this regard, the S809
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airfoil named VGs_Case 3 with a CL/CD value of 13.27 as a single VGs application, and the
S809 airfoil named VGs_Case 7 with a CL/CD value of 11.01 as a double VGs application
were selected as the best performance configurations and are examined in detail in the rest
of the paper.

Table 5. The aerodynamic force coefficients for S809 airfoil cases with different configurations of VGs
at α = 12◦ and Re = 0.4 × 105.

Case No. CL CD CL/CD

VGs_Case 1 0.7203 0.1590 4.53

VGs_Case 2 1.0400 0.0787 13.21

VGs_Case 3 0.9800 0.0738 13.27

VGs_Case 4 0.7230 0.1560 4.63

VGs_Case 5 0.7310 0.1540 4.75

VGs_Case 6 0.9285 0.1761 5.27

VGs_Case 7 1.1688 0.1058 11.01

VGs_Case 8 1.0285 0.1489 6.90

Uncontrolled 0.9638 0.0868 11.10

In the numerical analysis, the vortex generators (single and double) were able to
control the flow at low Reynolds number flows and at high angles of attack (α > 10◦).
In Table 6, the numerical results of the aerodynamic force coefficient for the S809 airfoils
without/with VGs are presented at α = 12◦ for different Reynolds numbers. As seen in
the table, the increases in the lift forces were at low levels, and the drag force decreased
due to the eddies. With the double vortex generator application, the lift increase was more
significant at low Reynolds number flows, while the drag force also increased. This is due
to the eddies that occur when a vortex generator is used on both surfaces, and as the lift is
increased, the drag necessarily grows.

Table 6. The numerical results of aerodynamic force coefficients for S809 airfoils at α = 12◦.

α = 12◦ Uncontrolled VGs_Case_3 VGs_Case_7

Reynolds Number CL CD CL CD CL CD

Re = 0.4 × 105 0.9638 0.0868 0.9800 0.0738 1.1688 0.1058

Re = 0.6 × 105 1.1577 0.0781 1.0435 0.0701 1.3835 0.1689

Re = 0.8 × 105 1.0120 0.0752 1.0225 0.0714 1.1450 0.0741

Re = 1.2 × 105 1.1205 0.0685 1.1029 0.0682 1.1964 0.0681

The vortex shedding forms because of the presence of LSB, or flow separation. After
formation, those flow phenomena move along the chord as denoted in Figure 7. The
LSB-induced vortex shedding moved downwind on the suction surface, while the trailing-
edge-induced vortex shedding moved downwind on the pressure surface. As mentioned
in the vortex-shedding-based studies, both the LSB and trailing-edge flow separation
induce vortex shedding mixed in the wake region, leading the velocity profile to decrease
in the wake region (Figure 8). It is clearly seen that the value of u/U∞ obtained from
the experiments for the uncontrolled case decreased from 1.00 to 0.65, meaning that the
velocity value decreased by 0.35. In addition to the experimental result, the value of u/U∞
obtained from the numerical simulation for the uncontrolled case decreased from 0.90
to 0.77. The curve trends of those two results exhibited good coherence with each other.
In relation to the results of the controlled cases, the value of u/U∞ obtained from the
numerical simulation for the VGs_Case 3 decreased from 0.97 to 0.80, while it decreased
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from 1.00 to 0.74 for the VGs_Case 7. The velocity value decreased by 17% and 26% for
VGs_Case 3 and VGs_Case 7, respectively. It was clearly seen that the deficit in the velocity
values for the uncontrolled case was more than those that occurred in the controlled cases.
Utilizing VGs as a flow control technique ensured that the deficit in the velocity value was
minimized. Technically speaking, the size of the LSB or effectiveness of the flow separation
was minimized by means of VGs, as seen in the single VG application in Figure 9b, resulting
in the presence of smaller and weaker vortex shedding, just as mentioned in the studies
by the current authors [11] and by Ducoin et al. [54]. In Figure 9a, for the uncontrolled
case, the LSBs at the leading edge and the trailing edge were observed, and the single
VG case shortened the LSBs over the suction side, but not the LSB on the pressure side.
Otherwise, the double VG application shortened the LSBs on the pressure side due to
the vortex generator on the lower surface, the vortex formation gained more momentum
due to the short LSB, and this merged with the vortex over the suction side at the trailing
edge of the airfoil. This caused larger eddies to form, which created a vacuum effect that
caused more flow to be formed from the upper surface of the airfoil. Thus, the velocity
increase region over the suction side of the airfoil rose, as seen in the velocity contours for
VGs_Case 7 in Figure 10a, which meant there was an increase in the pressure difference,
and hence, the lift coefficient. However, as seen in Figure 10b,c, increases in laminar kinetic
energy and total kinetic energy occurred, which pointed out an increase in fluctuations in
the flow. All of this caused an increase in the drag force.
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Figure 7. Visualization of LSB and trailing-edge vortex shedding: (a) current experimental result for
the S809 airfoil at Reynolds number of 0.4 × 105; (b) experimental result from study performed by
the current authors [11] for the NACA4412 airfoil at Reynolds number of 0.25 × 105; (c) numerical
study performed by Ducoin et al. [54] for the SD7003 airfoil at Reynolds number of 0.2 × 105.
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, Re = 0.4 × 105.

In order to understand how VG application impacts the flow characteristics, the graphs
belonging to the flow and turbulence statistics, including u/U∞, laminar kinetic energy and
total fluctuation energy at α = 12◦ and Re = 0.4 × 105 are shown in Figure 10. As seen in the
graphs of u/U∞ (Figure 10a), the boundary layer separation occurred at the trailing edge
of the airfoil. Those separated flows at the trailing edge were much bigger because of small
eddies that were produced by single VGs (VGs_Case 3). In VGs_Case 7, the vortex generator
utilized at the pressure surface also generated small eddies, which caused the alteration
at the wake region. This alteration caused the flow to be reattached near the trailing edge
of the suction surface, resulting in an enhancement in the aerodynamic performance. In
the graphs depicting the laminar kinetic energy, which were obtained from the solution
of the transport equation by means of the k-kL-ω transition model (Figure 10b), it can be
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observed that the VGs induced small eddies that triggered the transition to turbulence, and
they forced the flow to bypass the transition, as seen from the increases in the turbulence
kinetic energy at x/c = 0.3 in Figure 9b,c. In VGs_Case 7, the kinetic energy at the trailing
edge was increased via small eddies produced by the vortex generator at the pressure
surface. This led the flow to gain more momentum as larger eddies formed at the trailing
edge of the suction surface, resulting in the presence of flow reattachment. These situations
were clearly supported by the graphs depicting the fluctuation energy distribution (in
Figure 10c); the flow was energized by those vortex generators. Furthermore, it was clearly
revealed that there were different pressure distributions at both the suction and pressure
sides of the airfoil, as denoted in Figure 10a. In particular, the activity value of the velocity
region for the uncontrolled case was less than those that occurred at VGs_Case 7. This
shows that utilizing VGs with Case 7 led to the velocity increasing close to the leading edge
of the airfoil. Based on Bernoulli’s principle, the pressure distribution was lower at the
region where the velocity distribution was higher, resulting in more lift force.

4. Conclusions

The electricity demand has expanded even more over the years. Despite many chal-
lenges, the renewable energy sector is improving in many countries. This study presents
a new method using double vortex generators to increase aerodynamic efficiency. The
passive control method using VG application on the surfaces of the S809 airfoil is proposed
in this study. The novelty of this paper is the utilization of both single and double VG
application on more cambered airfoil, which is a rare study (even absent) in the literature.
The effects of the positions of 2D VGs mounted on the pressure and suction surfaces were
experimentally and numerically investigated at different Reynolds numbers and angles of
attack after the design optimization of VG locations was performed. The novel findings
from this study are the following:

-Concerning the appropriate position of VG applications, the numerical results point
out that the best optimized position was ensured for both the single and double VG
applications when it was employed at a 30% chord length of the S809 airfoil. The CL/CD
was 13.27 at VGs_Case 3, while the CL/CD was 11.01 at VGs_Case 7.

-It was found that VGs_Case 3 exhibited better performance at Re = 0.6 × 105 and
lower angles of attack. However, the aerodynamic performance obtained from VGs_Case 7
was better than that obtained by VGs_Case 3 when the angle of attack was 12◦. VGs_Case 7
led the aerodynamic performance to be enhanced by ~17%. This also shows that double
VG application was more reliable at higher angles of attack.

-In VGs_Case 7, the kinetic energy at the trailing edge was increased via small eddies
produced by the vortex generator at the pressure surface. This led the flow to gain more
momentum with larger eddies formed at the trailing edge of the suction surface, resulting
in the presence of flow reattachment.

-In the graphs depicting the laminar kinetic energy, it was observed that VG-induced
small eddies triggered the transition to turbulence, and they forced the flow to bypass the
transition. These situations were clearly supported by the graphs depicting the fluctuation
energy distribution.
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