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The experimental study is conducted in low-speed wind tunnel
in order to explore the effects of flexible surface on the
aerodynamic performance of NACAO0018 finite wing. In this
purpose, lift and drag force of the wing measured using six axes
load cell over the angle of attack 0°-18° at different Reynolds
numbers. Moreover, surface oil flow visualization experiments
are performed to depict the flow structure over wing. The
flexible wing remarkably improves aerodynamic performance at
Re=3x10% and it also enhances the lift coefficient and
diminishes the drag coefficient. The stall angle is delayed from
2.5° to 7°. It is observed that stall angle is shifted further angle
of attack when Reynolds number increased. However, the effect
of flexible surface on the aerodynamic performance diminishes
with increasing Reynolds number. Furthermore, the observed tip
vortex and laminar separation bubble significantly influence the
surface flow structure.
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performanst tizerindeki etkisini aragtirmak amaciyla diisiik hizli
riizgar tiinelinde deneysel ¢alisma gergeklestirilmistir. Bu amag
dogrultusunda hiicum agisinin 0°-18° araliginda ve Reynolds
sayisinin farkli degerlerinde kanadmn tasima ve siiriikkleme
kuvvetleri alti eksenli yiik hiicresi kullanilarak ol¢iilmiistiir.
Ayrica, kanat lizerindeki akis yapisini resmetmek i¢in ylizey yag
akis gorsellestirme deneyleri gergeklestirilmistir. Esnek kanadin
Re=3x10*"te  aerodinamik performans: o6nemli o&l¢iide
iyilestirdigi gézlemlenmistir. Esnek yiizeyin tasima katsayisini
arttirmakla birlikte ayni zamanda siiriikleme katsayisini da
azaltigt bulunmustur. Tutunma kaybi acist 2,5°den 7°’ye
geciktirilmigtir. Reynolds sayisi arttiginda tutunma kaybi
acisinin daha fazla hiicum acgisina Stelendigi gozlemlenmistir.
Bununla birlikte, esnek yiizeyin aerodinamik performans
iizerindeki etkisi Reynolds arttikca azalmaktadir. Ayrica,
gozlemlenen ug girdab1 ve laminer ayrilma kabarciginin yiizey
akis yapisi 6nemli dl¢iide etkilemektedir.
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1. INTRODUCTION

Recent advancements in aerodynamics have heightened interest in understanding the role of flexibility and
fluid-structure interactions on the performance of an airfoil. Flexible wing designs, including morphing and
membrane wings, have been identified as promising improvements to enhance lift and delay stall across
various applications, from micro air vehicles (MAVs) to wind turbines [1,2]. The concept of partially
flexible wings, which allows for static flexibility alterations, has aroused interest due to its potential to
maintain optimal performance over diverse flight conditions. Despite these benefits, practical
implementation remains challenging due to design complexity and material limitations [3,4].

Laminar separation bubbles (LSBs), often observed in low Reynolds (Re) number regimes, significantly
impact aerodynamic performance by inducing separation, increasing drag, and reducing lift. Studies on
both rigid and flexible airfoils have shown that flexibility can mitigate the negative effects of LSBs by
suppressing separation and promoting reattachment. For instance, partially flexible membranes applied to
airfoil surfaces have demonstrated improved lift-to-drag ratios and delayed stall angles. These findings
underscore the importance of fluid-structure interaction in the development of advanced aerodynamic
surfaces. Therefore, the advantages as well as the limitations of the flexible wings were thoroughly
examined to reveal the size of LSB and the flow visualization downstream of the wing [5]. Also, Acikel
and Genc [ 1] experimentally investigated the use of a partial flexible surface on the suction side of an airfoil
to eliminate LSB at three different Re numbers. Even though they presented how the deformation and
vibration mitigated the adverse effects of vortices such as producing improved lift and lower drag
coefficients, the effectiveness of this method decreased with increasing Re numbers. At low Re numbers
relevant to MAVs applications, Lian and Shyy [6] compared the performance of a rigid airfoil with a fully
flexible suction surface. In their numerical study, they have demonstrated unsteady aerodynamic transitions
at various angles of attacks by giving insights how the vibration of a flexible membrane would help prevent
stall conditions. Since the ability of an airfoil to achieve higher lift is directly related to its geometrical
structure, Yavuz [7] were numerically investigated the behaviors of both mechanical and aerodynamic
performance of a free-formed airfoil, adapted from a NACA airfoil. The updated design effectively yields
a better lift coefficient, additionally, for these cases, flow visualization with the help of surface oil
visualization method provides insights into the flow phenomena, such as the vortex shedding mechanism
as well as the presence of LSBs [8].

Moreover, the aeroelastic responses of flexible airfoils were examined in detail under various angles of
attack and flow velocity conditions, with discussions addressing the associated flow phenomena [9] and the
handling quality of the wing [10]. Kang et al. [11] and Lei et al. [12] numerically conducted 2D locally
flexible surfaces to interpret the unsteady flow separation as well as the fluid-structure interaction. In their
studies, the effects of flexibility and elastic stiffness on the lift generation were thoroughly investigated at
low Re numbers. Their results reveal that optimal coupling between structural vibrations and vortex
shedding frequencies can enhance lift through coherent vortex formation, while mismatched frequencies
lead to irregular flow patterns and aerodynamic performance degradation. Additionally, the oscillation of
the flexible surface generates downstream moving vortices and facilitates transport between the shear layer
and the main flow, reducing separated regions and pressure on the upper surface. These mechanisms
demonstrate the feasibility of flow control through flexible surface to improve lift. However, they stated
that further research is required to address turbulence effects, low-aspect ratio configurations, and three-
dimensional dynamics to advance the understanding of such systems. Boughou et al. [13] explored the
fluid—structure interaction of hyperelastic morphing wing structures under low aerodynamic loads. The
morphing wing consists of a rigid segment and a flexible segment, with the flexible portion occupies 60%
of the chord length and constructed from a hyperelastic rubber-like material. The wing, with a flexible
portion made of rubber-like material, shows enhanced efficiency at higher Re numbers and low angles of
attack. These findings emphasize the potential of hyperelastic morphing wings for adaptive and efficient
design applications. Similarly, Roy and Mukherjee [14] studied the aerodynamic performance of various
wing sections (e.g., NACA0012, NACA4415, and NRELS809) to analyze the effects of morphing. Their
investigation focused on pre- and post- stall angles of airfoils with flexible surface, comparing their
performance to that of baseline airfoils. with the comparison of the baseline airfoils. In addition to passive
control of fluid flow, He et al. [15] actively manipulated the suction surface of an airfoil utilizing a local
flexible material driven by piezoelectric actuators that enhances the lift, and they also observed drag
reduction at angles of attack (o)) ranging between 10° and 14° in which the base airfoil experiences stall
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under these conditions. By adjusting the actuation frequency, they achieved a maximum lift increase of
27.1% at angle of attack of 12°.

Furthermore, these types of flexible surfaces can be commonly used in wind turbine applications [16]. In
Darrieus turbines, flexible profiles of NACA0018 and cambered G6420 have been separately applied
between rigid leading edge and trailing edges. This design accomplishes higher lift and torque coefficients,
leading to significant gains in power output, especially at low tip-speed ratios, thereby addressing a key
limitation of these turbines. Also, the low manufacturing cost demonstrates promising potential for
efficiency enhancement with proposed design improvements to reduce drag. For SD7062 wind turbine
airfoils, the flow transition from laminar to turbulence was thoroughly presented [17]. The formation of
LSB was observed at 0=8° for the specific location of the chord length. However, the flow structure
transformed to a turbulent region because of reattachment of the flow when the locally flexible surface
applied. Additionally, the stall angle was postponed from 10° to 12° compared to the baseline case.

Even though flexible surfaces on airfoils are available in the literature, the focus has predominantly been
on infinite wing. However, their potential for finite wing remains underexplored. This study aims to further
investigate the effects of finite wing flexibility on aerodynamic performance via experimental analysis. By
focusing on low Reynolds number flows, this study explores how flexible surface deformation interacts
with fluid flow to enhance aerodynamic efficiency, contributing to the advancement in modern aeronautics,
such as adaptive morphing wing designs for MAV applications. Experiments were conducted on a
NACAO0018 finite wing by applying locally flexible surfaces to both sides of the wing for 3x10* and 10x10*
of Re numbers based on chord length. Based on the results, it was shown that integrating flexible surfaces
can result in effective flow control.

2. MATERIAL AND METHOD

The experiments were conducted in a suction type and low-speed wind tunnel in the Aerodynamic
Laboratory of the Department of Aerospace Engineering at the University of Adana Alparslan Tiirkes
Science and Technology. The wind tunnel has a square test section with a dimension of 600mmx600mm,
surrounded with a transparent plexiglass wall for observation of the flow phenomena. The tunnel could run
at the maximum speed of 20 m/s. The turbulence intensity in the tunnel test section is less than 1 % for this
study. Figure 1 schematically illustrates the experimental setup, including the airfoil with a servo motor for
adjusting its angles of attack and a six-axis load cell for measuring the forces acting on the airfoil.
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Figure 1. Experimental setup of the wind tunnel

NACA 0018 finite wing model was used in the present study. The chord length (c) was 120 mm, and span
length (s) was 480 mm, corresponding to an aspect ratio of 4. The design and fabricating processes of the
partially flexible NACAO0018 airfoil were presented in Figure 2. The position of flexible membrane material
was identified from x/c=0.35 to x/c=0.85 since laminar separation bubble dominate in that region for the
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rigid NACAO0018 airfoil at moderate angle of attack. The flexible membrane was supported by a rib having
a thickness of 0.0125s in the middle of the span. After the design processes, airfoils were produced by a 3D
printer. The produced airfoil was rubbered via sandpaper to prevent the roughness effect of the solid surface.
The flexible material used in this study was a 0.2 mm latex rubber sheet having Young’s modulus of 2.2
MPa. The flexible membrane was attached to the frames over the airfoil by using 0.05 mm thin double-
sided tape.

a-) b-) c-)

Latex rubber

Figure 2. NACAO0018 airfoil: (a) without flexible materials (b) fabricating process and (c) final product
with partial flexible surfaces

Aerodynamic force measurements were conducted at two different Reynolds (Re) numbers based on chord
length 3x10* and 10x10*. Lift and drag force data were collected using six-axis load cell at a sampling rate
of 1000 Hz over a time interval of 20 s for all cases. Force measurement system has accuracy of 0.5% of
full scale. Experiments were performed at angle of attack between 0° and 18°. After lift (FL) and drag (Fp)
forces were obtained, it has calculated the dimensionless coefficients of lift (Cr) and drag (Cp) in
conjunction with Equation 1 and 2.

F
C=—7- Q)
0.50U "4
F
C=— @
050U A4

where p, U, and A denote the density of air, free-stream velocity, and projection area of the airfoil.

Surface oil visualization were carried out to reveal the effect of laminar separation bubble and tip vortex
on the upper surface flow characteristic at angle of attack a=4°, 8° and 12°. The surface oil visualization is
based on the painted matte black wing surface by pigmented oil and then dried via flow to obtain a flow
pattern. The mixture consists of kerosene, titanium dioxide and a very small amount of oleic acid.

3. RESULTS AND DISCUSSION

Surface oil visualization over rigid finite wing is presented in Figure 3 in order to depict the effect of laminar
separation bubble and tip vortex on the flow structure at angle of attack of a=4°, 8° and 12°. It is seen that
the boundary layer separated approximately at x/c=0.2 and then reached at x/c=0.5. The dense pigment area
between the separation (LS) and reattached (R) point indicates the formation of a laminar separation bubble
(LSB). It is also observed that trailing edge separation (TS) occurs at x/c= 0.8. The tip vortex directs the
flow inwards and creates a chaotic flow structure marked by the dashed turquoise line in this figure.
Moreover, it affects the LSB over the wing. As the angle of attack increases from 4° to 8°, the separation
and reattachment points shift closer to the leading edge, and the size of the laminar separation bubble
decreases. At 0=12°, separated boundary layer is not reattached, so stall occurs. Furthermore, the tip vortex
enlarges, shifts inward along the wing, and becomes more dominant in shaping the upper surface flow
structure as the angle of attack increases. Oil visualization experiments were not performed at 3x10*
because the momentum of the flow was too low to sweep away the oil mixture.
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Figure 3. Oil flow visualization over rigid finite wing at Re=10x10*

The effect of flexibility on the mean lift coefficient (Cr) of NACAO0018 finite wing is shown in Figure 4 at
Reynolds number of Re=3x10* and 10x10* The Cp variation for rigid NACA 0018 finite wing is also
presented in order to constitute as a reference. At angle of attack 0=0°, the value of Cy is zero for all cases
due to symmetrical wing. At Re=3x10% the rigid wing generates lift force when the angle of attack is
increased from 0° to 2° (Figure 4a). However, the rise in Cp is observed only up to the angle of attack
0=2.5°. Beyond this angle of attack, the variation of Cp with the angle of attack indicates formation of
smooth stall for rigid wing. On the other hand, the C. distribution of the flexible membrane wing is
substantially different from that of its rigid equivalent. It is clearly seen that flexible wing significantly
postpones the stall angle in comparison with rigid wing at Re=3x10*. The C. remarkably increases with
the increasing angle of attack and reaches its maximum value at 0=7°. A sudden decrease in Cr at 0=8°
indicates the formation of abrupt stall for flexible wing. Figure 4b compares Cr. of rigid and flexible wings
at Re= 10x10* It is observed that Reynolds number significantly effective on the Cy distribution. The lift
curves display nearly linear variation at moderate angles of attack for both wings. The stall angle and also
maximum Cy. are significantly enhanced when Reynold number is increased from 3x10* to 10x10° for rigid
and flexible wings. The maximum Cp is obtained at a=11° and 11.5° for rigid and flexible wing,
respectively. Furthermore, flexible wing shows abrupt stall behavior at Re=10x10* on the contrary to
Re=3x10* On the other hand, the flexible wing has insignificant effect on the Ci. in comparison with rigid
wing at Re= 10x10*. Similar trend is also observed by Genc et. al (2020). They demonstrated that the effect
of flexibility on the aerodynamic performance of NACA4412 decreases with increasing Reynolds number
and it behaves like a rigid wing at Re=7.5x10% It should be pointed out that the flexible wing exhibits
higher performance on Cy in the post-stall region at Re=3x10* and 10x10* when compared to the rigid
wing.

The distribution of drag coefficient (Cp) for rigid and flexible wings at Re=3x10* and 10x10*are depicted
in Figure 5. It is seen that the flexibility is not only effective on the Cy but also on the Cp. Furthermore,
flexible wing exhibits different behavior in pre and post stall regions when compared to the rigid wing. It
is observed that at the Re=3x10*, flexible wing has a significantly lower drag than the rigid wing (Figure
5a) up to 0=7°. On the other hand, in the post stall region, the flexible wing has remarkably higher drag
than the rigid wing. As the Reynolds number is increased, drag coefficient of flexible wing is nearly same
with rigid wing up to stall angle (Figure 5b). However, Cp of flexible wing is greater than rigid wing in the
post stall region.
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Figure 4. The variation of Ci. with angles of attack for rigid and flexible wings at Re=3x10* and 10x10*.
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Figure 5. Distribution of Cp for rigid and flexible wing at Re=3x10* and 10x10%.

In order to better compare the aerodynamic performance of rigid and flexible wings at Re=3x10* and
10x10%, the lift to drag variation (Cr/Cp) with angle of attack is illustrated in Figure 6. Figure 6a
demonstrated that flexibility significantly improve aerodynamic performance of wing at Re=3x10%
Specifically, Ci/Cp increases up to a=7° for flexible wing. The maximum value of C./Cp is about 7.9 for
the flexible wing, while it reaches approximately 1.6 for the rigid wing in the pre-stall region. Moreover,
the angle of maximum C;/Cp is delayed from 2.5° to 7°. A sharp decrease occurs at 0=10° due to stall for
flexible wing. Beyond this angle, the C/Cp value approaches that of the rigid wing due to the increased
drag and decreased lift in the post-stall region. The flexible wing can provide a more significant C1/Cp
when Reynolds number increased from Re=3x10* to 10x10*. On the other hand, the flexible wing exhibits
nearly similar aerodynamic performance with the rigid wing at Re=10x10* The maximum C;/Cp equals to
10 at 0=6°.
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4. CONCLUSION

This study present experimental investigation in the wind tunnel in order to reveal the effect of flexible
surface on the aerodynamic performance of NACAO0018 finite wing at low Reynolds numbers. Aspect ratio
of wing was kept constant as 4. Force measurement results indicate that flexible wing significantly improve
aerodynamic performance at Reynolds number of 3x10*, Stall is postponed by about 5° when compared to
the rigid wing. Furthermore, maximum value of lift coefficient increased by 570% in comparison with rigid
wing at Re=3x10% On the other hand, the flexible wing has an insignificant effect on aerodynamic
performance at Re=10x10%, as the variations in drag and lift coefficients across different angles of attack
are nearly identical to those of the rigid wing. Surface oil flow visualization experiments reveal that the
laminar separation bubble dominates the upper surface flow structure at moderate angles of attack, whereas
the tip vortex becomes more dominant at Re=10x10* In the light of obtained results, the improved
performance of the NACAO0018 finite wing with a flexible surface is expected to enhance energy efficiency
and maneuverability for micro unmanned air vehicles (MUAVs).
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