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Abstract: In this study, the aerodynamic performance of a cambered wind turbine airfoil with a par-
tially flexible membrane material on its suction surface was examined experimentally across various
angles of attack and Reynolds numbers. It encompassed physical explanation at the pre/post-stall
regions. The results of particle image velocimetry revealed that the laminar separation bubble was
diminished or even suppressed when a local flexible membrane material was employed on the suction
surface of the wind turbine blade close to the leading edge. The results of the deformation measure-
ment indicated that the membrane had a range of flow modes. This showed that the distribution of
aerodynamic fluctuations due to the presence of LSB-induced vortices was reduced. This also led to a
narrower wake region occurring. Aerodynamic performance improved and aerodynamic vibration
significantly lowered, particularly at the post-stall zone, according to the results of the aerodynamic
force measurement. In addition to the lift force, the drag force was enormously reduced, corrobo-
rating and matching well with the results of PIV and deformation measurements. Consequently,
significant benefits for a turbine blade were notably observed, including aerodynamic performance
enhancement, increased aerodynamic power efficiency, and reduced aerodynamic vibration.

Keywords: partial flexibility; flow control; lift coefficient; less aerodynamic vibration; fluid–structure
interaction

1. Introduction

The turbine blade is one of the most important components for wind turbines. Nowa-
days, the sector of modern wind turbines has opted for laminar airfoils since the desired
angle of attack without influencing the drag force can be effectively operated. Notwith-
standing its positive effect, viscous forces play a dominant role in flow formed over these
airfoils at typical Reynolds numbers, resulting in the existence of unsteady flow structures
such as boundary layer separation or an LSB [1–3]. To physically account for the formation
of an LSB, flow at a low Reynolds number (Rec < 5 × 105) remains laminar beyond the
point of minimum pressure and it is therefore liable to separate from the surface because
of adverse pressure gradients (APGs). The separated shear layer is innately unsteady and
undergoes the transition phenomenon, which might or might not cause flow reattachment
to the surface. The stall phenomenon occurs if flow reattachment does not exist, which
is widespread for larger angles of attack or lower Reynolds number regimes. If the flow
can reattach, the recirculating fluid in the closed region is composed and is named an
LSB [4]. The presence of an LSB provides poor aerodynamic performance by causing some
unfavorable situations such as aerodynamic noise, vibration, and pressure drag rise [5–8].

Therefore, comprehending the progress of the formation of an LSB is a hot spot and
an ongoing case for micro aerial vehicles (MAVs), unmanned aerial vehicles (UAVs), and
urban wind turbines, even though a lot of studies have been carried out to ensure better
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solutions. So far, numerous flow control techniques have been studied and employed
to prohibit the negative effects of an LSB. In the literature, the flow control techniques
can be split up into two categories, as follows: (i) passive [9] and (ii) active [10] control
techniques. Recently, the passive control techniques have been frequently selected more
than active ones since they have simple strategies, enhancing lift force and delaying stall
without spending external energy. These passive controllers may be categorized as fol-
lows: implementing vortex generators (VGs) [11], employing control rods [12], applying
slots [13], utilizing suction and blowing [14,15], using roughness material [16] and ri-
blets [17], employing trailing-edge flaps [18,19], considering dimples [20] and grooves [21],
using bio-inspired applications [22–30], integrating together passive flow controllers [31],
and utilizing concentrators, deflectors, and combined systems [32–36], to name but a few.

Beyond these passive control techniques, considering flexible material or flexible
blades to enhance the aerodynamic performance and ensure more energy output for wind
turbines [37] and have less vibration and more stable flight for UAVs and MAVs [38–41]
has been a recent hot-topic investigation area. On the other hand, the implementation of
flexible material over the local area of a wind turbine blade surface is rare in the literature.
As a numerical attempt using computational fluid dynamics (CFD), the study performed
by Kang et al. [42] revealed that a greater lift–drag ratio was ensured compared to a
rigid airfoil when studying a locally flexible airfoil at a low Reynolds number. Flow on
a NACA0012 airfoil at a Reynolds number of 0.5 × 104 in the laminar flow regime and
flow on an LH37 airfoil at a Reynolds number of 1.1 × 106 were simulated by Naderi and
Mojtahedpoor [43]. Their result clearly showed that stall was delayed, and flow separation
and the formation of an LSB were suppressed, allowing the provision of an increased
aerodynamic performance. A local oscillating flexible surface positioned between x/c = 0.1
and x/c = 0.3 over the surface of a NACA0015 airfoil at a Reynolds number of 1 × 106

was studied by Wang et al. [44]. The oscillation form of the flexible area was identified
by a user-defined function (UDF). The results expressly pointed out that the oscillation
of local flexibility may induce new and small vortex structures near the flow separation
point, improving the lift coefficient of the NACA0015 airfoil. Both a large eddy simulation
(LES) and an experimental investigation were conducted to understand the effects of local
vibration on the drag reduction of NACA0012 airfoil at a Reynolds number of 0.75 × 106

(Lou et al. [45]). The optimal frequency of vibration was found near the dominant frequency
of the shear layer and wake vortices. These local vibrations could improve the aerodynamic
performance and they could mitigate the drag thanks to the vortex’s generation patterns.
In experimental investigations, a local flexible membrane (LFM) was studied by the current
authors at the suction [46] and pressure surfaces [47] of different airfoils at various Reynolds
numbers and angles of attack to control the progress of an LSB and have less vibration. The
results obtained from the experimental investigations pointed out that the formation of an
LSB was primarily suppressed and the size of the wake region was minimized, indicating
that lower drag as well as higher lift coefficients occurred.

In this study, the flow phenomena formed on the suction surface of an FX 84-W-150
airfoil with and without partial flexibility were investigated in detail using PIV at Reynolds
numbers of 1.05 × 105 and 1.4 × 105 (they were higher than the Reynolds numbers of the
experiment) [47]. Moreover, fastidious experimental measurements including deformation
measurement and aerodynamic tests were carried out. In contrast to the previous study [47],
the influences of an LFM on the formation and progress of an LSB and its interaction with
LSB-induced deformations measured utilizing the DIC system were explained rather than
its effects on aerodynamic performance. Moreover, employing an LFM at the local part of
the suction surface as a flow control technique is rare in the literature.

Related to the essential path of this study, the introduction of the flow control tech-
niques with detailed literature research are provided in Section 1. Then, experimental
arrangements are described in Section 2. Section 3 consists of the experimental results and
a few comparisons enabled by the literature review. The mechanism of an LFM's effect
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on flow is also analyzed in this section. Finally, the critical conclusions are provided in
Section 4.

2. Experimental Setup

To examine the influence of the progress of the LSB and boundary layer separation
formed over the suction surfaces of an airfoil with and without an LFM and to clearly
understand how the membrane material responded to the flow–membrane interaction, the
experimental setup is discussed in this section as follows:

2.1. Test Model

Regarding the test model, an FX 84-W-150 wind turbine airfoil was selected. The
choice of this airfoil was based on two factors. One of them is that no specific research
or findings were documented in the literature, and secondly it was appropriate for wind
turbine applications, particularly near the blade’s root area. Its maximum thickness was
15% at 37.1% of the chord, whereas the maximum camber was 4.2% at 40.2% of the chord.
The chord length of the airfoil was 200 mm, while its span length was 300 mm. As a result
of an experimental optimization study for a suitable location of the flexible membrane [47],
the local area on the suction surface between x/c = 0.2 and x/c = 0.4 was determined as
the optimum place for the membrane. As shown in Figure 1, FX 84-W-150 airfoil with
LFM material was modelled using the SolidWorks program and it was then manufactured
via a 3D printer. Their roughened surfaces were rubbed with sandpaper (first P400 and
then P2000) to ensure a smoother surface and dyed with black spray. After providing all
necessaries, double-sided tape with 0.05 mm thickness, which did not disturb the flow
characteristics, was pasted at all tips of the airfoil to mount the flexible membrane. The
membrane which was utilized in the current study was a latex rubber sheet with a height
of 0.2 mm (referred to as ‘k’ throughout the rest of the study) and with a Young’s modulus
(E) of 2.2 MPa and a density (ρm) of 1 g/cm3. To ensure a homogeneous flow structure on
all surfaces of the controlled airfoils, the flexible membrane material was used to cover
both the pressure and the suction surfaces.
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Figure 1. Close view of the controlled FX 84-W-150 airfoil with LFM.

2.2. Experimental Techniques and Apparatus

Experimental arrangements were carried out in two different aerodynamic labora-
tories for this study, as follows: (i) The aerodynamic force measurements were fulfilled
in a low-speed and suction-type wind tunnel constructed by the Wind Engineering and
Aerodynamic Research (WEAR) Group at Erciyes University, Türkiye. The technical spec-
ification belonging to the wind tunnel was provided, as seen in Table 1. (ii) The particle
image velocimetry (PIV) as well as deformation measurements were conducted in the
Atmospheric Wind Tunnel at the Bundeswehr University, Munich, Germany. The velocity
contours as well as turbulent statistics such as Reynolds stresses and turbulent kinetic
energy (TKE) were obtained by PIV measurements, while flow-induced deformations
formed over flexible membrane were visualized by means of deformation measurements.
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Table 1. Technical specification of WEAR Group’s wind tunnel.

Design Suction-Type and Low-Speed

Length of test section ~2.5 m (closed type)
Length of tunnel 13 m
Test section Length (~2.5 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 5 m/s < U < 40 m/s
Turbulence level 0.3% < Tu < ~0.9%
Nozzle Contraction cone: 9:1

As shown in Figure 2, during the tests, a time-dependent force-measuring appara-
tus was utilized to calculate the lift (CL) and drag (CD) coefficients of the controlled and
uncontrolled airfoil. To improve accuracy, the equipment was calibrated before the exper-
iment. The uncertainty values in the lift force coefficient and drag force coefficient were
approximately 5% between Re = 1 × 105 and 2 × 105 [48]. Two strain gauges positioned
on the system were used to measure the lift (FL) and drag (FD) forces. One strain gauge
was used for the lift and the other was for the drag. In every example, data were collected
for 10 s at a sampling rate of 1000 Hz. A total of 10,000 items of data were recorded. The
fluctuation and vibration analyses were investigated by means of time-dependent results,
whereas the CL and CD curves were composed with the instantaneous results. Following
the test, power efficiency (PE) [49] as well as CL and CD were post-processed by using the
following equations:

CL =
2FL

ρU2
∞sc

(1)

CD =
2FD

ρU2
∞sc

(2)

PE =
C

3
2
L

CD
(3)

where U∞ is velocity, ρ is air density, s is the span length and c is the chord length of
the airfoil.

Aerospace 2024, 11, 571 5 of 26 
 

 

 
Figure 2. The picture of the wind tunnel’s aerodynamic force measuring test. 

A sketch of the atmospheric wind tunnel is illustrated in Figure 3. The Atmospheric 
Wind Tunnel in Munich (AWM) used an Eiffel-type design. The wind tunnel was an open 
loop, i.e., the intake of the tunnel gathered air from outside and blew the air back outside 
from the outlet tower after passing it through a nozzle and test section. The closed test 
section had a height-adjustable flexible ceiling used to generate a specified pressure gra-
dient (e.g., dp/dx = 0) along the flow direction. The length of the test section was L = 22 m. 
The cross-section of the measuring section was approximately 4 m². The flow velocity in 
the test section was adjustable between 2 m/s and 45 m/s. An electrical heater (N = 1.2 MW) 
in the intake duct could be used to control the air temperature to the maximum of 80 °C 
at a flow velocity of 4.0 m/s. Further information is shown in Table 2. 

 
Figure 3. Sketch of the Atmospheric Wind Tunnel [50]. 

  

Figure 2. The picture of the wind tunnel’s aerodynamic force measuring test.



Aerospace 2024, 11, 571 5 of 24

A sketch of the atmospheric wind tunnel is illustrated in Figure 3. The Atmospheric
Wind Tunnel in Munich (AWM) used an Eiffel-type design. The wind tunnel was an open
loop, i.e., the intake of the tunnel gathered air from outside and blew the air back outside
from the outlet tower after passing it through a nozzle and test section. The closed test
section had a height-adjustable flexible ceiling used to generate a specified pressure gradient
(e.g., dp/dx = 0) along the flow direction. The length of the test section was L = 22 m. The
cross-section of the measuring section was approximately 4 m². The flow velocity in the
test section was adjustable between 2 m/s and 45 m/s. An electrical heater (N = 1.2 MW)
in the intake duct could be used to control the air temperature to the maximum of 80 ◦C at
a flow velocity of 4.0 m/s. Further information is shown in Table 2.
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Figure 3. Sketch of the Atmospheric Wind Tunnel [50].

Table 2. Technical specifications of Atmospheric Wind Tunnel [50].

Design Eiffel-Type

Test section Length (22 m), Height (1.85 m), Width (1.85 m)
Motor Type: DC motor, Power: 350 kW
Flow velocity 2 m/s < U < 45 m/s
Turbulence level Tu < 0.5%
Nozzle Contraction: 9
Heating Inlet: 1.2 MW, Bottom: heated/cooled

The apparatus shown in Figure 4 was fabricated to hold the airfoils in a stable manner
and to perform the experiments in the Atmospheric Wind Tunnel. The length of the
apparatus was 1 m from the fixing point of the airfoil towards the ground. In addition,
circular materials with a diameter of 0.5 m, one made from transparent glass and the other
from wood, were prepared to protect the airfoil from the effects of tip vortices.

Related to the calibration target of PIV, the front surface of the calibration target was
equipped with a regular dot pattern with a distance of 5 mm from dot to dot and a dot
diameter of 1 mm. The distance between the two holes was 5 mm, as illustrated in Figure 5.

The angle of attack of the airfoil was adjusted, as shown in Figure 6. As mentioned
before, the PIV calibration target was positioned on the airfoil surface. Hereby, it both
served as a calibration process and enabled the adjustment of the angle of attack easily.
Additionally, an electronic spirit level was placed on the calibration target and the desired
angle of attack was adjusted.
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In Figure 7, a sketch is provided to better understand the experiments carried out
in the Atmospheric Wind Tunnel. In addition to the deformation measurement for the
controlled airfoil with an LFM, velocity measurements on the airfoils were carried out with
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PIV simultaneously. Two cameras were positioned above the model and outside the wind
tunnel. These cameras were utilized to measure flow-induced vibrations and deformations.
In addition, a high-speed camera was used for PIV measurements. As indicated in the
figure, the light sheet required for PIV was ensured from a laser outside the tunnel. Lenses
and mirrors were used to form the light sheet. The technical specifications of the PIV and
deformation measurements are shown in Table 3 and in Table 4, respectively.
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Table 3. Technical specifications of PIV.

Parameter PIV

Camera pco.dimax S4
Sensor resolution, pixels 2016 × 2016; 2016 × 1100 used
Pixel size 11 µm × 11 µm

Laser Photonics DM150-532-DH
(Photonics Industries International, Inc., Ronkonkoma, NY, USA)

Light sheet thickness 2 mm
PIV mode Double Frame
Sampling rate, Hz 1000
Sampling time, s 2
Seeding particles DEHS, mean diameter ca. 0.4 µm

Table 4. Technical specifications of the deformation measurement.

Parameter Deformation Measurement

Camera pco.dimax S4 (2 cameras)
Sensor resolution, pixels 2016 × 2016; 2016 × 1100 used
Pixel size 11 µm × 11 µm

Illumination Hardsoft ILM-501CG
(HARDsoft Mikroprocessor Systems, Kraków, Poland)

Sampling rate, Hz 1000
Sampling time, s 2
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For the deformation measurements, 2 cameras were positioned at the top and outer
part of the tunnel. The sensor resolutions were 2016 × 2016 and 2016 × 1100. Also, the
pixel size was 11 µm × 11 µm. During the test, the sampling rate was 1000 Hz, while the
sampling time was 2 s. For every correlation, a square region of interest in the image’s
center was employed. Each experiment was repeated for each angle of attack and Reynolds
number. In the PIV experiments, data with a sampling time of 2 s were taken with a
1000 Hz sampling rate and an average of 2000 items of data were taken with the software
of the PIV test system.

Equations were used to find the necessary parameters before the experiments. The
dynamic viscosity of the flow was calculated with the Sutherland formula, as given in
Equation (4). The density of air was found with the general gas equation, as provided by
Equation (5). The kinematic viscosity of the flow was as ensured by Equation (6). Then, the
flow velocity was obtained with the Reynolds number formula given by Equation (7). Since
the tunnel type was an atmospheric wind tunnel and the first measured temperature and
pressure values were variable, the desired kinematic viscosity and velocity values were
obtained at the desired pressure and temperature in conjunction with the equations.

µ = µ0

(
T
T0

) 3
2
(

T0 + Sµ

T + Sµ

)
(4)

ρ =
P

R. T
(5)

ϑ =
µ

ρ
(6)

U =
Re. ϑ

c
(7)

3. Experimental Results and Discussion

In this section, all results obtained from the PIV tests will be discussed. Addition-
ally, attempts at understanding flow–structure interactions will be carried out using both
deformation and force measurement results.

3.1. PIV Results

This section will consist of the results obtained from the PIV tests for both uncontrolled
and controlled airfoils at Reynolds numbers of 1.05 × 105 and 1.4 × 105 and different angles
of attack (4◦ ≤ α≤ 12◦). Moreover, instantaneous u/U∞ values and instantaneous Reynolds
stresses, as well as instantaneous standard deviations of u/U∞, will be clearly discussed
in terms of better understanding how an LSB formed. In Figures 8 and 9, the streamlines
revealed that the LSB formed close to the trailing edge of the airfoil at α = 12◦. As expected,
its size reduced when the Reynolds number increased, resulting in the presence of more
dominant inertial forces than viscous forces in the boundary layer. Additionally, the
position of the LSB moved towards the leading-edge part of the uncontrolled airfoil when
the angle of attack was increased with intervals of 4◦. For the controlled cases in the same
figures, it was pointed out that utilizing membrane material on the suction surface of
the airfoil created passive flow control mechanics. This led to either the size of the LSB
shrinking or its disappearance.
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In terms of a better understanding of vortex fluctuations formed on both uncontrolled
and controlled airfoils, the contours of Reynolds stresses were obtained by post-processing
the PIV results, as illustrated in Figures 10 and 11. At a lower AoA, it was notably seen
that vortex-induced fluctuations were higher for the uncontrolled cases. The number of
fluctuations gradually reduced when the AoA increased. In what follows, these structures
moved towards the trailing edge of the airfoil at a higher AoA. Regarding the results
belonging to the controlled cases, it was pointed out that the fluctuations were reduced
by employing flexible material, agreeing with the findings of Ref. [51]. As a physical
explanation, APGs played dominant roles (dP/dx > 0 or dU/dx < 0) in flow in the boundary
layer for the uncontrolled cases, resulting in the presence of either the formation of the LSB
or the separated shear layer. These flow structures led to the vortex shedding that moved
along chordwise. Therefore, the separated region (determined as a dark blue color) was
wider because of the dominant characteristics of vortex shedding in the separated shear
layer. However, the dark blue area (fluctuations) reduced when the flexible membrane
was mounted, and the onset of fluctuations shifted closer to the leading edge. This was
believed to be mainly due to the interaction of the membrane material with the flow. These
interactions provided benefits as follows: (i) the formation of the LSB was suppressed,
(ii) the transition to turbulence occurred earlier, and (iii) these flow structures moved
towards to trailing edge, causing smaller fluctuation regions. In addition to the distribution
of flow fluctuations, local flexibility impacts on the flow structures were revealed by
the wake width. In other words, the long LSB’s effect on the uncontrolled case’s vortex
shedding increased the size of eddy vortices, causing them to flow in a clockwise way
towards the wake region. These structures, therefore, caused the wake width to be wider,
which increased the drag force (this will also be discussed on the CL-CD graph). However,
the long LSB turned into short ones by utilizing a local flexible membrane, since the wake
width of the controlled case was narrower compared to the uncontrolled case.

Apart from instantaneous u/U∞ and Reynolds stress values, instantaneous standard
deviations of u/U∞ values were provided by PIV post-processing at different AoAs and
Reynolds numbers, as seen in Figures 12 and 13. In contrast to the contours of Reynolds
stresses, the LSB progress and transition to turbulence phenomenon were presented by
combining the streamlines and contour colors. For both Figures, the progress of the LSB
was changed by influencing the flow control with flexible material. In particular, using
flexibility enabled the suppression of the LSB, resulting in the presence of fewer vortices
and vortex-induced LSBs closer to the trailing edge. This led to the formation of a narrower
wake region. This also exhibited strong agreement with the findings of the Reynolds
stresses’ results. Physically speaking again, the effects of APGs on flow in the boundary
layer were enormously altered by utilizing a local flexible membrane, since the separation
and reattachment points were replaced on the suction surface. Additionally, it was noticed
that the progress of transition to turbulence was another indicator of how the local flexibility
affected the flow phenomenon. This is because it was clearly indicated that the onset of
transition was altered when a local flexible membrane was employed. Specifically, its trend
tends to move towards to trailing-edge part at Re = 1.05 × 105.
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3.2. Deformation Results

Figure 14 demonstrates the results of local flexible membrane deformation at different
Reynolds numbers and time intervals. The same as the one Genç et al. [51] performed in
their experimental study, this method was the best way in terms of clearly understanding
fluid–structure interactions. By carefully looking at the location of the local membrane, it
was mounted either before or right above the formation of the LSB. The small vortices were
mainly due to the LSB or boundary layer separation touching the local membrane, causing
vibration on the membrane. These vibrations caused various deformation modes to form.
The indicator of these different deformation modes clearly showed that mod number at the
same Reynolds number increased when the AoA increased gradually. This was associated
with the vortices shedding because of LSB formation and boundary layer separation. At a
lower AoA, the size of the vortices is comparatively larger, resulting in the presence of two
modes. At a moderate AoA (8◦ ≤ α ≤ 12◦), the mode number increased with an increasing
AoA at Re = 1.05 × 105. This showed that LSB-induced vortices became smaller than those
that occurred at a lower AoA and this caused more modes to form on the flexible membrane.
This also showed that the frequency of these smaller vortices was higher than that of larger
vortices. At Re = 1.4 × 105, the mode number was more obvious. There were four modes at
α = 4◦, whereas five modes occurred at α = 8◦. The modes’ numbers at Re = 1.4 × 105 were
obviously higher than with a lower Reynolds number, since more inertial forces caused
smaller vortices to form. Conversely, it was observed that there were two modes at α = 12◦.
This was most probably observed because the fully separated flow occurred at this angle of
attack, resulting in the existence of larger vortices that had smaller frequencies.
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3.3. The Results of Aerodynamic Force Measurement

The results of the aerodynamic force coefficients at a Reynolds number of 1.05 × 105

and 1.4 × 105 for the controlled airfoil (grey straight line) and the uncontrolled case (red
dotted line) are depicted on the charts in Figures 15 and 16, respectively. Additionally, the
charts’ shaded regions suggested that vibration-induced fluctuations were presented. At
Re = 1.05 × 105, the maximum lift coefficient (CL,max) was 1.29 at α = 16◦ implying that the
flow could not reattach the suction surface due to APGs, resulting in the stall phenomenon
for the uncontrolled case at this angle of attack. For the controlled case, CL,max is nearly 1.35
at α = 14◦. Despite an observation of a 2 deg. reduction in stall angle, it was pointed out
that CL,max increased by around 4.65%. Moreover, there was a mild stall in the uncontrolled
case, whereas a sharp reduction occurred at the lift curve of the controlled case. Further,
the red-shaded area belonging to the uncontrolled airfoil was broader than the grey-shaded
area for the controlled case. This obviously implied that flow-induced vibration for the
uncontrolled airfoil was higher than that which occurred for the controlled case, especially
at the post-stall region. At Re = 1.4 × 105, CL,max was 1.37 for the controlled airfoil at
α = 14◦, whereas it was 1.26 for the controlled cases at α = 16◦. As results occurred at
Re = 1.05 × 105, there was an improvement in lift coefficient of nearly 8.73%. Furthermore,
it was seen that the flow-induced vibration at the lift curve of the controlled airfoil was
enormously reduced. For both graphs, utilizing a local flexible membrane both provided
a higher lift coefficient and less flow-induced vibration. Additionally, the results of drag
coefficients provided important evidence. For both results of drag coefficients in the graphs,
the drag coefficient of the controlled case was less than that belonging to the uncontrolled
airfoil. These results well matched and corroborated with the results obtained from the PIV
contours. This is because the size of the LSB-induced vortices was reduced by means of
utilizing a local flexible membrane on the suction surface, resulting in the presence of a
narrower wake region and inherently fewer drag forces.

In terms of better understanding how employing a local flexible membrane affects the
FX 84-W-150 wind turbine blade aerodynamically, aerodynamic power efficiency graphs
were provided at different Reynolds numbers, as denoted in Figures 17 and 18. This allows
us to associate the power-raising aerodynamics of wind energy conversion systems with the
endurance and flying time of aeronautic objects such as micro-air vehicles [46,47]. For both
Reynolds numbers, employing a local flexible membrane as a passive flow control exhibited
better aerodynamic performance compared to the uncontrolled airfoil. Specifically, at
the pre-stall region, local flexibility ensured good performance, resulting in providing
aerodynamic benefits up to approximately two times the power efficiency curve for both
Reynolds numbers.
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4. Conclusions

Extracting more energy from an energy conversion system is a hot-topic issue for
aerodynamic researchers and the renewable energy community nowadays. Employing local
flexible materials on a wind turbine blade is a new method in terms of establishing higher
aerodynamic performance (inherently more energy output) and reducing weight. Therefore,
rigorous experimental measurements are lacking to date in the context of utilizing local
flexible material on the surface of an airfoil. In this study, this research gap was tackled
so as to figure out how local flexible materials impact the aerodynamic performance of
airfoils. Based on fastidious experimental measurements including PIV, deformation, and
aerodynamic tests at higher Reynolds numbers than the literature, remarkable conclusions
were revealed as follows:

- The use of the flexible membrane significantly hampered the development of the
LSB. Improvement of CL,max was provided at the level of around 4.65% and 8.73%
at Re = 1.05 × 105 and Re = 1.4 × 105, respectively. This indicated that aerodynamic
performance was remarkably increased, resulting in the presence of more energy
output under the same conditions. This can be seen from the aerodynamic power
efficiency. While the maximum aerodynamic power efficiency was 4.5 at both Reynolds
numbers, this value increased to 7 in the controlled case.

- Its positive effects were twofold when aerodynamic lift curves were investigated
regionally: (i) at the pre-stall region, membrane material ensured a positive role
in terms of increasing aerodynamic performance, and (ii) at the post-stall region,
aerodynamic flow-induced vibrations were enormously diminished.

- Not only did the local flexibility affect the formation of the LSB, but also caused the
location of the transition phenomenon to alter, providing the occurrence earlier.

- In addition to aerodynamic lift coefficient improvement, the drag coefficient was
enormously reduced, resulting in increased power efficiency.

Consequently, this research study is anticipated to be very informative for wind
turbine designers, aerodynamic researchers, and the renewable energy community. This
will result in more effective, inventive, and performance-improving airfoils in terms of the
advances in energy efficiency in an energy conversion system.
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Nomenclature

Abbreviation
LSB Laminar Separation Bubble
MAVs Micro aerial vehicles
UAVs Unmanned aerial vehicles
APG Adverse pressure gradient
CFD Computational fluid dynamics
UDF User-defined function
AoA Angle of attack
LES Large eddy simulation
PIV Particle image velocimetry
LFM Local flexible membrane
PE Power efficiency
TKE Turbulence kinetic energy
AWM Atmospheric wind tunnel
Subscripts
L Lift
D Drag
max Maximum
L, max Maximum lift
Symbols
Re Reynolds number
c Chord length
s Span length
µ Dynamic viscosity
R Universal gas constant
FL Lift force
FD Drag force
CL Lift coefficient
CD Drag coefficient
α Angle of attack
E Young’s modulus
CL,max Maximum lift coefficient
ρ Air density
ρm Flexible membrane density
U∞ Velocity of potential flow
σ Standard deviation
Tu Turbulence level
uı Velocity component at direction-x
vı Velocity component at direction-y
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2. Karasu, İ.; Sahin, B.; Tasci, M.O.; Akilli, H. Effect of yaw angles on aerodynamics of a slender delta wing. J. Aerosp. Eng. 2019,

32, 04019074. [CrossRef]
3. Miao, W.; Liu, Q.; Xu, Z.; Yue, M.; Li, C.; Zhang, W. A comprehensive analysis of blade tip for vertical axis wind turbine:

Aerodynamics and the tip loss effect. Energy Convers. Manag. 2022, 253, 115140. [CrossRef]
4. Liu, Q.; Miao, W.; Bashir, M.; Xu, Z.; Yu, N.; Luo, S.; Li, C. Aerodynamic and aeroacoustic performance assessment of a vertical

axis wind turbine by synergistic effect of blowing and suction. Energy Convers. Manag. 2022, 271, 116289. [CrossRef]
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