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OZET

KISMi ESNEKLIGIN SONLU KANATLARIN AERODINAMIK PERFORMANSI
UZERINDEKI ETKIiSi

Ali Emirhan EROGLU
Yiksek Lisans, Havacilik ve Uzay MiihendisligiAnabilim Dali
Danigman: Dog. Dr. Tahir DURHASAN
Temmuz 2025, 75 sayfa

Bu tez ¢aligmasinda, diisiik Reynolds sayili akis rejimlerinde ¢alisgan NACA 0018 tipi bir kanat
tizerine kismi esnek kaplama uygulanarak aerodinamik performansa olan etkileri deneysel
olarak incelenmistir. Calismada kullanilan esnek yiizey, kanadin belirli bir chord uzunlugu
boyunca yerlestirilmis lateks malzemeden olusmakta ve kanadin farkl agiklik oranlarina sahip

dort versiyonu ile test edilmistir.

Riizgar tiineli testlerinde; tasima (CL) ve siiriikleme (Cp) katsayilar1 3 x 10* < Re < 10 x 10*
araliginda 4 farkli Re kosulunda 6l¢iilmiis, ayrica yiizey yag ve ip (tuft) ile akis gorsellestirme
deneyleri gerceklestirilmistir. Elde edilen bulgular, kismi esnek yiizeyin ozellikle diisiik
Reynolds sayilarinda laminer ayrilma balonunu (LSB) baskiladigini, stall agisin1 geciktirdigini
ve tasima katsayisini artirarak kanadin genel aerodinamik performansini iyilestirdigini ortaya

koymustur. Ancak Reynolds sayist arttik¢a bu etkinin azaldigi gozlemlenmistir.

Bu sonuglar, pasif akis kontrol tekniklerinin optimize edilmesinde kismi esnek yiizeylerin

potansiyel faydalarini gostermesi agisindan literatiire katki sunmaktadir.

Anahtar Kelimeler: Aerodinamik, Esnek Kanat, Laminer Ayrilma Kabarcigi, insansiz Hava
Araci, Pasif Akis Kontrolii



ABSTRACT

THE EFFECT OF PARTIAL FLEXIBILITY ON AERODYNAMIC PERFORMANCE
OF FINITE WING

Ali Emirhan EROGLU

M.Sc., Department of Aerospace Engineering

Supervisor: Assoc. Prof. Dr. Tahir DURHASAN
July 2025, 75 pages

In this thesis, the aerodynamic effects of partially flexible surface coverage applied to a NACA
0018 airfoil operating in low Re regimes were experimentally investigated. The flexible
surface, made of latex material, was placed along a specific chordwise region of the wing, and

four different wings with varying spanwise flexibility ratios were tested.

Wind tunnel experiments were conducted in the Re range of 3 x 10* to 10 x 10%, measuring lift
(Cu) and drag (Cp) coefficients. Additionally, surface oil and tuft flow visualization techniques
were used to analyze flow structures. The findings revealed that the partially flexible surface
significantly suppressed the laminar separation bubble (LSB), delayed stall, and enhanced lift
coefficient, thereby improving aerodynamic efficiency, particularly at lower Re. However, the

effectiveness of the flexible surface diminished as the Re increased.

These results contribute to the literature by demonstrating the potential of partial flexibility in

optimizing passive flow control methods for UAV applications.

Keywords: Aerodynamics, Flexible Wing, Laminar Separation Bubble, UAV, Passive Flow

Control
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1. INTRODUCTION

Studies on the aerodynamic performance of the wings have been attracting much attention with
the increasing use of unmanned aerial vehicles (UAVs) and micro air vehicles (MAVS) in civil
and military areas as well as increasing energy demands. Flow regimes can be classified
depending on the Reynolds number (Re) and UAVs, MAVs and small-scale wind turbines
operate in low Re regime (Re < 10°). The main flow characterictics of low Re regimes is
formation of laminar separation bubble (LSB) on the wings. The presence of the bubble can
induce a strong suction peak near the leading edge (LE) and significantly affects the
aerodynamic performance of the airfoil [1,2]. To investigate the formation of LSB and its
adverse results on aerodynamic efficiency perspective, various studies have been conducted [3-
6]. On the other hand, various flow control techniques classified as active and passive have
been applied to increase the aerodynamic efficiency of the wing. The principle of active flow
control (AFC) techniques is based on the use of external energy, while passive flow control
(PFC) techniques are based on adding devices to the flow or modification of geometry. Some
illustrative examples for AFC techniques can be given as plasma actuators [7], synthetic jets
[8], magnetic fields [9], etc. On the other hand, it can be given as an example for PFC techniques
such as control rods [10,11], vortex generators [12,13], slots [14], etc. Flow control techniques

are extensively categorized in the existing literature [15].

Besides well-known flow control techniques, advancements in material science lead to more
efficient, adaptable, and high-performing wings. For example, smart materials such as shape
memory alloys (SMAs), piezoelectric actuators, and variable stiffness structures not only
increase aerodynamic performance but also enable maneuverability and flight control.
Furthermore, flexible wings are utilized in aerospace industry since they provide significant
benefits including low weight, cost-effectiveness, fight agility, reduced cost, and excellent
performance [15-20]. The flexibility of wing surfaces contributes to aerodynamic efficiency
and flight stability by allowing the wing shape to adapt spontaneously to free-flow conditions.
However, this typically results in a complex fluid—structure interaction (FSI) problem that is

strongly coupled and related to the structural dynamics and aerodynamics of flexible wings.



1.1. Low Reynolds Number Aerodynamic

Recent years have witnessed significant advancements in low-speed aircraft, high-altitude long-
endurance UAVSs, and high-performance MAVSs. One of the primary design challenges for these
vehicles is accurately assessing the impact of low Reynolds numbers. The wing aerodynamics
at low Re for fixed-wing UAV and wind turbines and rotary or flapping-wing MAV have not
yet been fully understood. The unsteady aerodynamic behavior that occurs especially in low Re
flow conditions continues to be an important issue that attracts the attention of researchers [21].
The Re defined as the ratio of inertial to viscous forces in a fluid as given in Equation 1.1, plays
acrucial role in determining aerodynamic behavior. For aerospace applications as external flow,
Re around 10° are typically considered ‘low’ while conventional aircraft operate at Re of 10°
or higher [22]. At low Re, viscous effects dominate, significantly influencing drag, lift-to-drag
ratio, and overall aerodynamic performance [23]. Low Re flows often result in nonlinear
aerodynamic characteristics and unsteady flow features, such as laminar separation bubbles

(LSBs), which can degrade performance.

(1.1)

where L represents characteristic length of the airfoil, p represents dynamic viscosity of the air,

V represents free-stream velocity, p represents density of the air.

At low Reynolds flow;

Flow is generally laminar over most of the wing surface.

The boundary layer is thin and smooth.

Flow is sensitive to surface roughness and external disturbances.

The flow can separate easily from the surface due to low momentum in the

boundary layer.

e At very low Re, the flow is often described as “creeping flow” or “viscous
dominated.”

e Flow separation can occur early along the wing, causing a sharp drop in lift and

a significant increase in drag.

Numerous examples of low and very low Re number flows can be found both in engineering
applications and in nature. Figure 1.1 illustrates some of these examples by presenting a
comparison of flight speed and chord Re, including cases like micro aerial vehicles, unmanned

aerial vehicles, as well as birds and insects.
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Figure 1.1. Classification of flying objects over a relation of chord and Re [24]

The primary distinction between different flying objects is related to the reduction in wing chord
length. When the chord length decreasing, Re number of flows decreases too. The viscous
region in the flow around the wing is very large and the viscous forces in the flow are more
dominant than the inertial forces at low Reynolds flow That causes flow separation to occur

earlier compared to flows at higher Reynolds.

1.1.1 Laminar separation bubble
In low Reynolds flows, the flow is unsteady. In this Re range, flow separation may occur due
to the increase in the angle of attack on the wing. As seen in Figure 1.2, at the moment when
the flow separation occurs, the laminar flow turns into turbulent flow and this region is called
the transition region. There are three main sections explaining the flow separation. First, the
flow accelerates and the pressure drops where the air accelerates. Then, the flow slowly loses
momentum as the adverse pressure increases. At the end of this stage, the flow begins to
separate. In the last section, the pressure remains constant after the flow separation. With the
transition to turbulent flow, the energized flow separates from the laminar boundary layer and

then transitions to turbulence, which increases the energy of the flow [25].
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Figure 1.2. Flow Separation on Airfoil [26]

The turbulent flow reattaches to the fuselage surface and a reverse flow region is formed. The
pressure coefficient distribution above the airfoil shows the presence of a hump as shown in
Figure 1.3. The beginning and end of this hump reveal the separation and reattachment of the
flow. Because of the viscous forces are dominant then inertial forces, laminar flow begins to
deteriorate rapidly as it progresses from the LE to the TE. In the transition region to turbulence,
the flow separates due to adverse pressure gradients and viscous forces. However, after passing
into turbulence, it reattaches to the surface and forms an LSB. There are backflow and reverse

velocity profiles in the inner region of the bubble [27].
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Figure 1.3. Laminar separation bubble [28]



The formation of this separation bubble causes instability and vibrations in aircraft flying at
low Re, which has a negative effect on aerodynamic performance [29].

The main reason for the formation of the adverse pressure gradient is the no-slip condition
between the surface and the fluid. According to the no-slip condition principle, shear stress

occurs depending on the viscosity of the fluid, as given in Equation 1.2.

T= y(g—;j (1.2)

7 represents the shear force, u represents the dynamic viscosity of the fluid, and u is

freestream velocity.

The location and size of the bubble are a function of the angle of attack, flow disturbances, wing
geometry, and Re. As the angle of attack increases, the small-sized LSB moves in the flow
direction and becomes smaller. In the pressure distribution inside such a bubble, a small
constant pressure region can be seen. The separation point continues to advance towards the LE

as the angle of attack increases [30].

1.1.2 Finite wing
The main difference of finite and infinite wing is the existing of tip vortex. As illustrated in
Figure 1.4, the flow over a finite wing generates a wake structure downstream, characterized
by trailing vortices originating from the wingtips. These vortices resemble horizontal tornadoes,
exhibiting strong rotational flow — referred to as induced velocities — particularly concentrated
near the core and often extending beyond the wingspan. The vortices are significantly affecting
aerodynamics of air vehicles with left in the path behind the wing, reducing lift and increasing

its drag.
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Figure 1.4. The wing tip vortices [31]

In the field of aerodynamics, studies on LSBs have predominantly concentrated on two-
dimensional airfoil geometries. However, the finite wings, additional three-dimensional
influences come into play, significantly affecting the characteristics of separation bubbles,
particularly under low Re conditions [32]. This phenomenon is especially important for
practical applications like UAVs, MAVSs, and other small-scale aircraft, which typically operate

within this flow regime.

For finite wings, spanwise flow occurring near the wing root and tips alters the formation of the
separation bubble, usually causing it to thicken around the midspan and become thinner towards
the tips [33]. While the flow close to the root is affected by turbulence from boundary layers,
leading to an earlier transition to turbulence, the region near the tip tends to resist laminar
separation, delaying the transition process. As a result, the laminar separation bubble exhibits

variations in size and behavior along the span of the wing.

1.2. Flow Control Techniques

Flow separation, as discussed earlier, is the failure of the flow around an airfoil to adhere to the
surface due to the loss of airflow momentum due to increasing adverse pressure gradients and
no-slip conditions. As the angle of attack increases, the separation point on the intake surface
gradually shifts toward the LE of the airfoil. In addition, at higher angles of attack, loss of
traction occurs, resulting in a sudden decrease in lift and a rapid increase in drag. Figure 1.5

illustrates the effects of flow separation on an airfoil.
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Figure 1.5. Stages of flow separation on airfoil [34]

In addition, when an airfoil operates at sufficiently high Re, flow separation results in the
formation of a periodic vortex shedding. This regime results in a significant pressure drop at
the TE of the airfoil. Furthermore, vortex shedding causes strong structural vibrations,
resonance, and fluctuations in lift and drag forces [35]. Although increment of turbulence can
increase heat transfer, the primary disadvantages of vortex shedding include excessive
vibrations and acoustic noise [36]. Due to these adverse effects, flow control has become a
critical area of interest for researchers aiming to reduce or eliminate undesirable aerodynamic
behaviors. To prevent or minimize these consequences, flow control techniques have been
studied since the discovery of the boundary layer by Prandtl [37]. The purpose of flow control

can vary according to the desired goals, such as reducing drag or lift, disturbing laminar flow,



improving heat transfer, suppressing vortex-induced vibration, and suppressing flow-induced

noise, etc. Accordingly, depending on the intended aerodynamic outcome, flow control can be

utilized to manipulate the transition between laminar and turbulent regimes, adjust turbulence

intensity, or manage flow separation [38]. The fundamental concept behind such techniques

involves modifying either the surface geometry or the wake characteristics to influence the

behavior of boundary and shear layers. In this context, various control techniques have been

applied to regulate the vortex shedding around airfoils. These control techniques are divided

into two main groups: passive flow control (PFC) and active flow control (AFC). While AFC

require external energy, PFC do not require any energy. Therefore, PFC techniques are easier

to apply than AFC techniques.

Classification of flow control methods and some implementation shown in Figure 1.6.
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Figure 1.6. Classification of flow control methods and their implementations [39]

Generally, PFC techniques are cost-effective, structurally simple, and require no additional

energy input. Due to these advantages, extensive research has been conducted in this field, with

experts focusing on numerical simulations, experimental studies, and real-world applications

of PFC.



1.2.1 Passive flow control

PFC techniques are widely used for flow control applications. The main reasons why they are
preferred over active flow control techniques are; being easier to implement, lower cost and
more stable. Examples of passive flow control techniques are widely encountered in offshore
research and marine hydraulics, as well as in the aviation and automotive industries. PFC
techniques control vortex shedding by changing the geometry of the airfoil or by adding
additional devices to the flow boundary. It is dramatically important that determining the flow
phenomena at low Re to design the widespread airfoils in the micro aircraft and wind turbines
[40]. Flow control methods like these are commonly used to enhance the aerodynamic
performance of flight vehicles by altering the flow behavior within the boundary layer, as
controlling the flow is an effective approach to regulate mixing in the separated shear layer. To
date, researchers in the field of aerodynamics have applied these techniques through both
experimental and numerical investigations. The following section provides a detailed

explanation of these PFC techniques.

1.2.1.1 Vortex generators

Vortex generators, illustrated in Figure 1.7, are among the simplest and most effective PFC
devices, widely used especially on wind turbine blades to prevent or reduce flow separation
caused by adverse pressure gradients. VVortex generators are typically small rectangular or
triangular plates installed on surfaces at specific angles to the flow [41]. Their primary function
IS to energize the slower boundary layer by mixing it with higher-momentum fluid from the

outer boundary layer and freestream, which reduces drag and enhances lift.

Figure 1.7. Vortex generators configuration [41]
9



To maximize their effectiveness, researchers have extensively studied vortex generator design

parameters such as height, length, shape, spacing, arrangement, and mounting angle.

1.2.1.2 Leading-edge slats

Another PFC devices are Leading-edge slats which shown in Figure 1.8. The airflow between
the slat and the main body is accelerated by the formation of either large vortices or several
smaller vortices. Typically, large vortices form at lower Re, while higher Re produce smaller
vortices. This acceleration imparts additional kinetic energy and momentum to the boundary
layer, helping to delay stall onset [42].

A Lift Coeffecient C
3.3+ - : —_ — —
Airfoil with
slats and flaps
244+ — — — — - — —
«"  Airoil with flaps
151+ — Plain airfail
Cruise - @

\ Drag Coeffecient Cp g

Figure 1.8. CL comparison of slatted and unslatted wing [43]

1.2.1.3 Slotted airfoil

Slots, defined as narrow rectangular channels placed spanwise along a wind turbine blade, are
a passive flow control technique used to modify airflow over an airfoil by increasing local flow
velocity. As the internal airflow exits through the slot, its velocity rises, disturbing the
surrounding streamlines and inducing controlled flow separation. This controlled separation
slows down the flow over the airfoil, increasing the pressure on the lower surface and thereby

generating additional lift. Slotted airfoil and slot characteristic shown in Figure 1.9.

10



LE i TE

Figure 1.9. Slot geometric characteristics (c: Airfoil chord, LE: Leading edge, TE: Trailing
edge, X: Slot location, Y: Slot width y: Angle between slot axis and chord normal) [44]

1.2.1.4 Gurney flaps

The Gurney flap, a small passive device attached to the TE of an airfoil, significantly enhances
aerodynamic performance. This improvement is attributed to the formation of counter-rotating
vortices downstream, which create a low-pressure region, increasing suction on the upper

surface while raising pressure on the lower side [45].

Additionally combined applications, such as Gurney flaps with surface dimples, further
improve aerodynamic performance, especially at higher angles of attack, as confirmed in
numerical studies on symmetric NACA airfoils [46]. It can be seen the gurney flap effect on

flow at high angle of attack in Figure 1.10.

11
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Figure 1.10. Effect of gurney flap [47]

1.2.1.5 Roughness material

Surface roughness as a PFC method can effectively improve aerodynamic performance of wind
turbine blades, particularly at low Re. By introducing roughness elements such as sandpaper as
shown in Figure 1.11, the boundary layer is energized through vortex generation, which aids in
preventing separation caused by unfavorable pressure gradients, especially around the airfoil’s
leading edge (LE) [49]. This results in more stable and attached flow, similar to the effect of

vortex generators [48].

Figure 1.11. Sandpaper as roughness material on airfoil [49]
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1.2.1.6 Flexible membrane wings

One of the important focuses in PFC research is the use of flexible membrane wings,
particularly for improvement the aerodynamic performance of MAVs and UAVS. Inspired by
biological flyers like bats, these wings feature a thin, compliant membrane attached to a fixed
LE with a free TE as shown in Figure 1.12. This flexibility allows the wings to adapt to unsteady
aerodynamic environments, making the flight of small aerial vehicles more stable and
controllable. Additionally, flexible membranes help reduce structural weight while providing
PFC benefits [50].

Figure 1.12. Flexible membrane applying on UAV [50]

Numerous experimental and numerical studies have explored the aerodynamic behavior of
membrane wings, especially at low Re, where LSBs are more likely to form. Research shows
that flexible wings can reduce the negative effects of LSBs, delay stall, and improve lift
characteristics. Studies demonstrated generally that membrane wings at low aspect ratios
undergo chordwise oscillations, particularly at high angles of attack [51]. Factors like excess
membrane length and support geometry have significant effects on deformation, flow
separation, and aerodynamic efficiency. Overall, studies consistently report that flexible
membrane wings demonstrate higher lift-to-drag ratios, delayed stall, and improved

aerodynamic efficiency compared to rigid wings.
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1.2.1.7 Partially flexible airfoil

Using partially flexible membrane on the surface of airfoils is another PFC techniques on wing
as shown in Figure 1.13. Even though comprehensive research on partially flexible membranes
is limited in the literature, studies exhibit that flexible segments reduced flow separation,

especially at high angles of attack, and increasing the lift coefficient near stall compared to the

rigid airfoil [48].

(a) rigid aifoil

(b) one-segment flexible airfoil

|‘l('xlhl(‘l—l—l‘]i‘xihh'?ﬂ

(c) two-segment flexible airfoil

Flexiblel —I‘—Fh'!ih]v}f

Flexible3

(d) three-segment flexible airfoil

"lixil»l--I—I—l"quibl:-i?ﬁ—+‘lvxihlu3 Flexibled

(e) four-segment flexible airfoil

Figure 1.13. Partially flexible wing applying [52]

Beyond traditional approaches, it introduces an innovative concept of pre-stall control using
surface roughness, full or partial flexibility supported by both experimental and numerical
findings. PFC techniques can significantly enhance aerodynamic performance by effectively
managing LSBs in the pre-stall phase. These novel pre-stall methods improve lift and reduce
drag while requiring minimal material and energy input [53-56].
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1.2.2 Active flow control
AFC technique, which is based on an external active intervention into the flow, requires energy
as the main requirement. AFC techniques have been developed to achieve useful changes in the
flow field, such as solving vortex shedding problems. There are two main advantages of AFC
that cannot be achieved with passive techniques. First, AFC technology uses the inherent
stability of the flow to achieve a large effect using small localized energy input and controls it.
Second, AFC can be used to control complex, dynamic processes such as turbulence generation
in turbulent boundary layers, thereby reducing skin friction and hence viscous drag, where the
reduction is proportional to the surface area covered by the actuators [57]. The main advantage
of AFC is that they can be applied or not applied depending on the changes in the flow
conditions. On the other hand, the need the energy constantly that main disadvantage of the
active control systems [58]. AFC techniques can be divided into groups as predetermined or
interactive methods [59]. The predetermined method principle is based on the application of
constant or non-constant energy without considering the state of the flow field. On the other
hand, the principle of interactive methods is based on the continuous adjustment of the power
input to the actuator depending on some kind of measuring element [60]. The following section

provides a detailed explanation of these passive flow control techniques.

1.2.2.1 Plasma actuators

Plasma actuators are AFC devices that use ionized air to create a wall jet along a surface, adding
momentum to the boundary layer. This helps delay flow separation, improve lift, reduce drag,

and postpone stall, especially around leading-edge regions.

They work by applying high-voltage AC between electrodes separated by a dielectric,
generating a body force on the airflow as shown in Figure 1.14 [61]. Plasma actuators are
lightweight, fast, and require no moving parts, making them ideal for UAVs, MAVs, and wind

turbines.
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Induced flow
Figure 1.14. Plasma and actuator settlement on wing [61]

1.2.2.2 Synthetic jets

Synthetic jet actuators (SJAS) are active flow control devices that inject momentum into the
boundary layer by periodically sucking in and expelling air through an orifice, without requiring

external airflow [62]. An example of SJA shown in Figure 1.15.

Plasma-based SJAs (PSJAS) use spark discharges to generate high-speed pulsed jets, helping to
delay flow separation, reduce drag, and improve lift. They use on suction surface to delay
separation, especially at LE and separation points [63]. Additionally, there are examples on the
flaps, slats or around the airfoil to direct flow. They are compact, have no moving parts, and

operate at high frequencies, making them suitable for high-speed and high-Re flows.
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Figure 1.15. Apply of synthetic jet actuators on wing [63]

1.2.2.3 Magnetic fields

Magnetohydrodynamic (MHD) flow control utilizes the interaction between an applied
magnetic field and an electric current within a conductive fluid to generate a Lorentz force (j %
B) [64]. This force actively modifies the flow, particularly within the boundary layer, to delay
separation and reduce drag. MHD techniques are mainly applicable to ionized flows and have
potential use in aerospace systems for flow separation control and propulsion [65]. Advantages
include no moving parts and direct flow manipulation. However, practical use is limited by high

energy demands and the requirement for a conductive working medium.
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Figure 1.16. a) applying actuator on wing b) representative schematic of actuator [65]
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1.2.2.4 Suction and blowing

Suction and blowing are active flow control techniques used to delay boundary layer separation
and increase lift by adding or removing momentum near the surface of an airfoil. Blowing
injects high-momentum air, energizing the boundary layer to prevent separation. Suction
removes low-energy flow, stabilizing the flow and delaying stall [66]. Combined suction and
blowing as shown in Figure 1.17 provide maximum lift-to-drag improvement, especially at high

angles of attack [67].

25%c ; 61%c

L —
_—— _—

Blowing SS

Suction 5S

Blowing PS

Figure 1.17. Control schemes, their locations, and schematic of components [67]

1.3. Motivation Of Study

The aim of this study is investigation of bubble characteristics and obtain the enhancement lift
by using partial flexible surfaces on the wing at low Re. In addition to delaying the stall angle
and reduce the drag coefficient by using partial flexible membrane on the wing. Revealing all

these effects with oil and tuft flow visualization.

In this thesis study, the NACA 0018 wing type, which is widely used in wind turbines operating
at low Re and UAVs cruising at low speeds and has also been the subject of many studies, was
selected and flow events such as flow separations or laminar separation bubbles that negatively
affect the aerodynamic performance on this wing profile were investigated in detail by
experimental means. After detailed examination of these flow events, flexible membrane
material was covered locally on the selected airfoil to minimize adverse flow events and
increase aerodynamic performance. Experimental results of the passive flow-controlled airfoil
and rigid airfoils (without flow control) covered locally with membrane will be shown

comparatively in the following sections.
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This thesis study consists of four main sections. In the first section, general information and
literature review about the thesis study are presented. In addition, basic aerodynamic

information is summarized. The section is concluded with a brief summary of the thesis.

In the second section, previous studies on flexible wings are mentioned and the results obtained

from these studies are given.

The third section includes a general discussion of the experimental procedures. In this section,
the experimental setup, equipment used and measurement techniques are explained in detail.
The technical specifications and characterization of the wind tunnel are emphasized, and test
equipment such as the manufactured wing, load cell system, balance and angle of attack plate

and data acquisition software are discussed.

In the fourth section, the results obtained from the experimental studies are presented. All
measurement data are analyzed with data processing and post-processing techniques. These
data are meaningfully presented with graphs and tables. Error analyses in the measurements are
also discussed to support data verification. The last section includes the summary, analysis and

comparison of the measurement results with the outputs of the aerodynamic design tool.
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2. LITERATURE REVIEW

2.1. Active Flow Control

2.1.1 Plasma actuators

Moreau et al. [61] examined the effect of a Plasma Co-Flow Jet configuration on NACA 0025
airfoil operating at a Re of 6.8 x 10*. The results indicated a 31% delay in separation, supported
by laser-based flow visualization and pressure measurements, confirming improved flow

attachment and enhanced lift performance.

He et al. [68] performed a wind tunnel experiment on a NACA 0015 airfoil, implemented two
spanwise arrays of weakly ionized plasma actuator at the LE and TE to mimic slat and flap
effects. Results showed a 340% improvement in lift-to-drag ratio, increases in stall angle and
maximum lift, achieved at only 2 W of power. The leading-edge array delayed separation via
optimal unsteady actuation, while the trailing-edge array shifted the lift curve similar to a

conventional flap.

In this study conducted by Moreau et al. [69] the use of DBD plasma actuators to control flow
separation over a NACA 0015 airfoil was experimentally investigated. Three actuators were
positioned individually along the upper surface of the airfoil at relative chordwise positions of
x/c =0.18, 0.27, and 0.37. The tests were performed at a Re of 3.3 x 10°. Results showed that,
without control, flow separation naturally occurred around x/c = 0.5. However, activating the
DBD plasma actuator at x/c = 0.18 successfully postponed the separation point to x/c = 0.65.
Furthermore, applying higher voltage extended this delay even further, pushing the separation

location to approximately x/c = 0.76.

2.1.2 Synthetic jets
Zhao et al. [63] conducted wind-tunnel tests using SJAs on a NACA airfoil, revealing that jet
inclination angle critically influences boundary-layer behavior and aerodynamic forces. They
found that tangential jets, when actuated with high momentum, effectively delayed stall by
energizing the inner boundary layer, whereas normal jets thickened the boundary layer and

improved separation control at lower momentum levels.

Glezer [70] reviewed how surface-mounted synthetic jets interact with crossflow to actively

control aerodynamic behavior; by generating discrete vortical structures, these jets transfer
20



momentum without mass injection, enabling attachment control over stalled aero foils and bluff
bodies. Applications presented include effective control of separation in both fully attached and
separated flows, demonstrating the technique’s versatility in enhancing aerodynamic

performance.

De Giorgi et al. [71] performed numerical simulations comparing SJA and continuous jet
actuators (CJA) for active flow control on both a NACA 0015 airfoil and a highly-loaded
compressor stator cascade. They analyzed vortical structures, energy exchange, and momentum
coefficients, finding SJAs consistently outperformed CJAs, offering about twice the reduction
in total pressure losses under equivalent momentum input in the compressor cascade. The study
demonstrated superior separation suppression and aerodynamic improvements with SJAS in

both external and turbomachinery flows.

Lee et al. [72] designed a compact piezoelectric SJA and matched its forcing frequency to the
natural stability frequency of a turbulent boundary layer, demonstrating efficient vortex
generation with low power for flow control. Their study highlights the importance of actuator
velocity output and resonance tuning to generate strong vortices and achieve effective synthetic-

jet-based separation control.

2.1.3 Magnetic fields
Kral et al. [73] numerically investigated flow control using electromagnetic Lorentz forcing.
Computational fluid dynamics (CFD) analyses were conducted on ship hull and channel flows
to reduce separation and drag. Results showed that electromagnetic forcing improves flow

stability and overall performance.

Donovan et al. [74] conducted both numerical simulations and experimental measurements to
examine actuator behavior under various conditions. They investigated the performance of a
Lorentz force actuator designed to control low speed airflow by generating body forces through
electromagnetic interactions. Results demonstrated that the actuator could produce steady,

controllable forces, making it suitable for boundary layer flow manipulation.

Zimmerman et al. [65] introduced the Cyclotronic Plasma Actuator, which generates a high-
voltage plasma arc within a transverse magnetic field, inducing swirl via Lorentz forces. This

on-demand vortex generator was experimentally and conceptually shown to delay boundary-
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layer separation without adding parasitic drag during cruise. The results underscore its viability
for AFC, especially in aircraft takeoff and landing phases.

2.1.4 Suction and blowing
James et al. [75] conducted numerical simulations to examine the effect of secondary blowing
in encouraging boundary layer separation and improving aerodynamic efficiency. They focused
on NACA 0012 and LA203A airfoils within angle of attack ranges of 2° - 18° and 2° - 20°,
respectively, using a jet positioned at x/c = 0.6. Findings indicated that the blowing technique

delayed stall onset and contributed to an increase in lift coefficient.

Huang et al. [66] performed numerical analyses to investigate suction and blowing control
strategies on a NACA 0012 airfoil at Re=5 x 10° across multiple angles of attack. Their study
focused on how variations in jet location, intensity, width, and direction affect the delay of flow
separation and the modification of aerodynamic forces such as lift and drag. Results
demonstrated that properly configured suction substantially enhances aerodynamic

performance, increasing lift and reducing drag, while blowing shows limited benefit.

Fahland et al. [67] investigated turbulent boundary layer control over four-digit NACA airfoils
using uniform blowing or suction. Control was applied to both suction and pressure sides across
varying angles of attack, Re, airfoil camber, and thickness. Results exhibited that suction-side
control confirmed prior results, while pressure-side blowing achieved up to 14% net drag

reduction under optimal conditions.

2.2. Passive Flow Control
2.2.1 Roughness surfaces and grooves

Genc et al. [49] examined the effect of roughness elements as sandpaper experimentally and
numerically on a NACA 4412 airfoil. Flow visualization, hot-wire, and force measurements
showed that roughness enhances boundary layer momentum, stabilizes the laminar separation
bubble, and resists adverse pressure gradients. As a result, stall is delayed and lift increases
while drag decreases. These findings suggest that simple passive roughness can significantly

improve aerodynamic performance of wind turbine blades in pre-stall conditions.

Koca et al. [76] investigated the effect of partially roughness surface on NACA 4412 as passive

flow control technique. They positioned the sand paper on 15% - 25% of chord. Experimental
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results which have Re number of 2.5 x 10%- 7.5 x 10* showed that roughness surface is benefit

for decreasing size of LSB in low Re flows.

Genc et al. [77] examined the effects of roughness element on airfoil. Sandpaper used as a
roughness material in this experimental study. They worked in 2.5 x 10* to 1 x 10° Re number
and it is chosen 15% and 25% chord distance on airfoil as a position of roughness element.
Surface roughness enhanced the momentum within the airfoil’s boundary layer, enabling the
flow to better withstand the effects of adverse pressure gradients. Using sandpaper as a
roughness material on airfoil suppressed the bubble and increased the C. also decreased the Cp.

Mu et al. [78] implemented grooves as passive flow control method on the propellers of axial
hydraulic pump and the results showed that grooves have significantly benefits on eliminating
unstable region completely and they achieved the increasing performance of pump by ratio of
85%.

Seo and Hong [79] examined the effects of grooves on wind blade in this research. They
obtained performance improvement with grooves. While lift to drag ratio improved by each Re
which 2.8 x 10°, 3.6 x 10°, 4.5 x 10°, and 5.3 x 10°, it seen that the best condition increased the
lift to drag ratio, at 15.3% in 3.6 x 10° Re number.

2.2.2 Gurney flap
Storms and Jang [80] analyzed surface pressure distributions and wake characteristics of a
NACA 4412 airfoil to evaluate lift, drag, and pitching moment coefficients under various
configurations. The integration of a Gurney flap elevated the maximum lift coefficient and
reduced drag under near-maximum lift conditions. However, it also caused a drag penalty at
low to moderate lift coefficients. Furthermore, the use of vortex generators on the baseline
airfoil effectively delayed boundary layer separation, resulting in an overall increase in the

maximum lift coefficient.

Yee et al. [81] conducted a numerical investigation into the aerodynamic behavior of Gurney
flaps on NACA 0012 airfoils for rotorcraft applications, analyzing Mach numbers ranging from
0.2 to 0.9. Their study examined flap heights of h/c = 0.005, 0.01, 0.02, and 0.04, comparing
the aerodynamic characteristics of modified and clean airfoils under static conditions. The
results indicated that a flap height of h/c = 0.02 provided the most favorable aerodynamic

performance, making it the optimal configuration for rotorcraft use.
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Chandrasekhara [82] investigated the effect of adding a Gurney flap to VR-12 airfoil. Wind
tunnel experiments showed that a 1% chord Gurney flap effectively restored the lift lost due to
variable droop LE implementation while maintaining reduced drag and pitching moment. Lift-
to-drag ratios improved, and dynamic stall onset was delayed, especially at Mach 0.3-0.4.
Surface vorticity analysis confirmed that the Gurney flap enhances aerodynamic performance
by mitigating adverse pressure gradients.

2.2.3 Leading edge slat
Wang et al. [42] numerically investigated the impact of leading-edge slats on the aerodynamic
performance of the S809 airfoil and Phase VI wind turbine blade. Using the transition SST
turbulence model, various slat geometries and positions were analyzed. Results show that
appropriately placed slats significantly increase lift (up to 53%) and delay flow separation by

shifting the separation point downstream.

Genc et al. [83] studied on NACA 2415 airfoil wing with the NACA 22 leading-edge slat in
both experimentally and numerically. The results show that the stall angle delayed from 6° to

12° and obtained that 50% increase in the maximum lift coefficient.

Schramm et al. [84] examined numerically and optimized a leading-edge slat placed upstream
of a DU 91-W2-250 airfoil using a gradient-based adjoint method. The optimized slat
geometry resulted in a 2% drag reduction and slightly improved stall characteristics. The
improvements remained effective even at higher Re, demonstrating robustness for wind

turbine applications.

Mishra and Baeder [85] conducted a numerical analysis on the impact of leading-edge slats on
rotor performance at a free-stream Mach number of 0.157 and a tip Mach number of 0.665.
Using the SC2110 as the primary airfoil, they evaluated two slat configurations, S-1 and S-6.
Their results showed that the S-6 slat enhanced thrust by approximately 10%, while both slat

types significantly improved rotor performance even under demanding flight conditions.

Mendoza et al. [86] experimentally investigated the noise generated by a LE slat on a 2D wing
model. Using an array of microphones small aperture directional array and pressure sensors,
the researchers analyzed slat noise spectra, directivity, and scaling behavior. Results showed

that slat noise is a distributed source, with high-frequency broadband components increasing
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with slat angle and gap velocity. The study also found that reducing the slat gap significantly

decreases noise without severely affecting aerodynamic characteristics

2.2.4 Vortex generator
Delnero et al. [41] examined experimentally the aerodynamic effects of triangular vortex
generators on a modified Eppler 387 airfoil at Re = 3 x 10°. Vortex generators were placed at
10% and 20% chord positions with various incidence angles (0°, 10°, 20°). Results showed that
maximum lift coefficient (CLmax) increased up to 20%, while stall angle remained nearly
unchanged. The findings confirmed that vortex generators enhance circulation and delay

separation by energizing the boundary layer, especially at higher angles of attack.

Durhasan [10] examined the effect of single rod on SD7062 airfoil type in 3 x 10* Re number
flow. The suction surface of the airfoil was equipped with a rod placed at different chordwise
locations. Results showed that the how existing LSB forms on a standard airfoil and how
placing a rod affects it. He found that positioning the rod correctly with the right diameter ratio
could shrink the boundary layer height by up to 22%. Additionally, the rod significantly reduced
unsteady vortices on the airfoil’s suction surface, which in turn lowered turbulence intensity by

as much as 30%.

Mueller et al. [87] used vortex generators for the application in wind turbines. Wind tunnel tests
analyzed the effects of vortex generators’ size, chordwise position, and spanwise spacing on
lift, drag, and stall behavior. Results showed that properly placed small vortex generators
increased the stall angle by up to 12.5° and lift coefficient by 31%, with acceptable drag
penalties. Simulations confirmed that vortex generators can enhance performance and recover

losses due to blade surface roughness across various rotor sizes.

Kundu et al. [88] demonstrated the effect of vortex generators on increasing gliding ratio on
S1210 airfoil. The results of this study which performed numerically show that attaching
counter-rotating vortex generators near the TE of the foil can increase the lift coefficient by
17% and delay the stall angle from 10 to 12.

Wang and Zhang [89] investigated NREL S809 airfoil using vortex generator to determine the
aerodynamic efficiency. It was observed that the boundary layer thickness was because of
vortex generators. Additionally the stall angle is increased from 14° to 18° when the vortex

generators are installed at the 10% chord positions.
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2.2.5 Flexible membrane
In this study Piquee et al. [90] studied with elasto-flexible surface to demonstrate effects on
aerodynamic of wing. They worked both numerically and experimentally and the results
showed that at positive angles of attack, because of the camber of airfoil increases, enhancing
its lifting capacity. Additionally, stall onset occurs at higher angles of attack, and instead of a

sudden drop in lift, the decrease becomes more gradual.

Demir and Genc [91] examined the unsteady flow behavior around flexible membrane which
is AR = 3 experimentally in 2.5 x 10% and 5 x 10* Re numbers. As the aspect ratio increases,
the LSB becomes more prominent on membrane wings operating at low Re, leading to
intensified membrane vibrations that vary with the angle of attack at which the LSB begins to
influence the flow. As a result, the unsteady nature of the LSB in membrane wings causes
complex and unstable deformations of the wing surface.

Rojratsirikul et al. [92] investigated to aerodynamic characteristics of two-dimensional flexible
membrane experimentally. Membrane airfoils with excess length tend to display higher
vibration modes, earlier vortex roll-up, and reduced flow separation regions. In contrast,
membranes under pre-strain behave more like rigid airfoils. The observed vibration frequencies
of the membranes indicate a potential interaction with wake instabilities. The trend of Strouhal

number reduces with the increase of angle of attack.

Genc et al. [93] investigated experimentally on flexible wing with different aspect ratio as AR
=1 and AR = 3 to demonstrate the tip vortex effect at 2.5 x 10* and 5 x 10* Re numbers.
Experiment results exhibited that the high aspect ratio wings, leading-edge separation bubbles
were found to significantly influence their behavior at low Re. In contrast, low aspect ratio
wings, both tip vortices and leading-edge separation bubbles played a role in shaping their

deformations.

Guo et al. [94] conducted wind tunnel testing using a simplified aircraft model to investigate
how wing flexibility influences aerodynamic performance. In the best scenario, stall is delayed
by nearly 5°, and lift increases by approximately 90% compared to the rigid wing model. This
improvement is related to greater deformation and stronger vibrations in the flexible wing,
which enhance flow mixing near the surface. Consequently, leading-edge separation is

suppressed, leading to a remarkable boost in aerodynamic performance.
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DelLuca and Reader [95] produced a micro air vehicle which has 60 cm, 15 cm span and chord
of wing respectively to examine effect of wing flexibility on aerodynamic of MAV. They
attached parachute material to wing and investigated the behavior of wing in wind tunnel
experimentally. The findings showed that greater wing flexibility postponed stall onset and
enhanced the peak lift-to-drag ratio by roughly 20% to 30% within a Re number range of 8.55
x 10% to 2.23 x 10°.

Magsood et al. [96] experimentally examined flexible wings for MAV applications at low Re
number. Analysis of the wing skeleton revealed that all flexible wing configurations produced
greater lift compared to the rigid wing. Among them, the configuration without battens
generated the highest lift. In the membrane relaxation investigation, introducing relaxation
caused to reduce lift and increase skin-friction drag. Furthermore, as the membrane extension

increased, the lift generation consistently declined.

Laitone [97] performed a test rectangular planform wing at below Re 2 x 10*in a low turbulence
wind tunnel. Across all Re below 7 x 10% the most effective configuration was having 5%
circular arc camber compared base model. This profile consistently achieved the highest lift-
to-drag ratio and the greatest lift coefficient at all angles of attack, regardless of turbulence

intensity.

Akkala et al. [98] examined the kinematic and aerodynamic characteristics of sinusoidally
plunging flexible airfoils inspired by biological and biomimetic flapping flight at 8.5 x 10° and
10 x 10° Re number. Comparisons with a rigid airfoil were conducted to evaluate the influence
of structural deformation on vorticity evolution. As anticipated, the flexible airfoils generated
higher thrust coefficients, while exhibiting lower lift and power coefficients than the rigid
counterpart, resulting in substantially improved propulsive efficiency under all tested

conditions.

Rojratsirikul et al. [99] performed an experimental study to investigate the unsteady
aerodynamics of low aspect ratio membrane wings types as rectangular and delta in 2.4 x 10*
to 5.9 x 10* Re range. Forces generated by membrane wings were measured and compared to
those produced by rigid wings with similar shapes. The results showed that flexibility had a
more pronounced positive effect on rectangular wings than on delta wings, leading to greater
increases in both the maximum normal force and the force slope. Compared to rigid wings of

equivalent shape, rectangular wings benefit more from flexibility, exhibiting a larger increase
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in both the peak normal force and the slope of the normal force. This enhancement is believed
to result in the post stall regime from the membrane's responsiveness to wake induced vortex

shedding.

Timpe et al. [100] investigated the response of flexible membrane on aerodynamic
characteristic of simple flat plate wings. It is performed that a comparison of a rigid flat-plate
wing and free trailing-edge membrane wings at Re = 5 x 10 Utilized the silicon rubber material
as membrane with a scalloped free TE. The experimental data showed that flexible wings
produced enhanced lift-curve gradients and sustained higher lift levels in the post-stall regime
for angles of attack above 8°, resulting in overall aerodynamic performance gains, including in

the pre-stall range.

Claever et al. [101] experimentally investigated wing flexibility for lift enhancement at 1 x 10*
Re as well as the effect of wing oscillations. An experimental study was conducted to assess
the aerodynamic, structural, and flow responses of rigid and flexible wings, spanning low to
high aspect ratios, while oscillating at a constant 15° post-stall angle of attack and a chordwise
amplitude of 15%. Results indicated that wing flexibility markedly enhances lift generation.
Obtained that enhancement of C. from 0.89 to 2.77 for low aspect ratio (AR = 3) and increased
the C. 1.04 to 3.14 for high aspect ratio (AR = 6).

Gordnier and Attar [102] numerically conducted flexible material on a membrane wing to
observe the aerodynamic characteristics. Computations were performed at oo = 10°, 16° and 23°
for three different wings having two membrane flexibility at Re = 24.3 x 10%. According to
computation results, because of the flow control elements, it was observed that enhanced lift

and reduced separation.

Greenhalgh et al. [103] performed inextensible flexible airfoil to determine its aerodynamic
properties experimentally. They used end plate to eliminate effect of tip vortex. Experiments
are done in two-dimensional wind tunnel. On the leading and trailing edges, the lift, drag and
membrane tension force measured at the elliptical rods. Results of experiment exhibited that

lift to drag ratio enhancement obtained at near the zero angle of attack.

Hu et al. [104] demonstrated an experimental investigation to highlight the aerodynamic
advantages of flapping flight over fixed-wing configurations within a Reynolds number range
of 1 x 10* to 1 x 10°. The study compared the aerodynamic performance of two flexible
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membrane wings — one made from moderately flexible nylon and the other from highly flexible
latex — with that of a traditional rigid wing, aiming to assess the influence of skin flexibility in
flapping flight scenarios. The results demonstrated that the flexible wings offered superior
overall aerodynamic efficiency (in terms of lift to drag ratio) compared to the rigid wing,
particularly during high-speed soaring or at elevated angles of attack. Furthermore, the highly
flexible latex wing exhibited the greatest thrust generation capability during flapping motion.
In contrast, while the nylon wing showed the most favorable aerodynamic performance in

soaring conditions, it delivered the poorest performance in flapping flight applications.

Shyy et al. [105] examined the wings of insects, bats, and birds, noting their anisotropic
structural characteristics, and conducted a computational study on the aerodynamics of
plunging, pitching, and flexible wings at low Reynolds numbers. Their findings reveal that
leading-edge vortices (LEVs) commonly form at Reynolds numbers around (10%) or below,
conditions typical of insect flight. For instance, in the case of the hawkmoth, which operates
within a Re of 10° to 10% the interaction between LEV formation and flapping kinematics
significantly enhances lift generation. Additionally, a pronounced spanwise pressure gradient
helps delay stall, while axial flow in the spanwise direction contributes to the stabilization of
the LEV. It is observed that a membrane wing can enable passive shape adaptation by means
of geometric or aerodynamic twist. Geometric twist improves streamlining, helping to reduce
maneuver and gust loads while delaying stall by causing each wing section to rotate nose-down.
In contrast, aerodynamic twist resulting from membrane inflation under load alters the zero-lift
angle of attack, which enhances maximum lift coefficient, improves longitudinal static stability,

and increases drag.

Li et al. [106] investigated the aeroelasticity of bio-inspired flexible membrane wings using
three-dimensional (3D) variational fluid structure interaction solver at Re = 24.3 x 10%, 36.5 x
103, and 48.7 x 10% numerically. A 3D rectangular membrane wing is then examined to analyze
the 3D effect on the membrane aeroelasticity at 12.15 x 10% 24.3 x 10° and 48.6 x 10° Re
numbers. Results exhibited the separated flow region of the flexible membrane wing is
suppressed by the membrane flexibility, which results in the cambered-up shape thus achieving
drag reduction and aerodynamic efficiency enhanced. The 2D flexible membrane wing obtained
the aerodynamic efficiency gain of 52.16% at a = 8°, compared to its rigid counterpart. The lift-

to-drag ratio of the 3D membrane wing was increased from 3.5 to 4.2 as the Re is quadrupled.
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2.2.6 Partially flexible wing
Kang et al. [107] conducted an aerodynamic investigation on a partially flexible wing and
demonstrated that the lift-to-drag ratio increased by over 80% at elevated angles of attack, with
the stall angle shifting from 13° to 16°. Moreover, the incorporation of flexibility into the airfoil

was found to diminish the size of the dominant vortex and reduce the shear layer thickness.

Another experimental investigation showed the implementing flexible membrane airfoils at low
Re. In addition, the amount of riblets on a flexible wing was studied at Re = 7 x 10%. The results
demonstrated that using flexible membrane on airfoils offer superior aerodynamic efficiency
when compared to rigid designs [108].

Acikel and Genc [109] aimed the controlling laminar separation bubble. Researchers covered
NACA 4412 types airfoil with flexible membrane partially. The location of flexible surface
cover determined by the according to results of experiments, yielding different locations scale
with respect to the streamwise direction. They observed that partially flexible cover on wing
delayed the stall angle and it produce enhancement of lift in 2.5 x 104 5 x 10% 7.5 x 10* Re
numbers. The best condition is obtained for the suppression of the LSB at Re = 2.5 x 10* with

the partially flexible membrane, and the wake region of the airfoil cramped.

Genc et al. examined [110 displayed the influence of flexibility to enhance aerodynamic
performance of wind turbines. Wind tunnel experiment was performed at 2.5 x 10%, 5 x 10%, 7.5
x 10* Re numbers. Results of experiment offered that the dimension of LSB constricted and
increased CLmax. However, the stall angle decreased in addition to the advantages of flexible

surface.

Eroglu et al. [111] investigated the influence of partial flexibility on NACA 0018 airfoil
experimentally in low-speed wind tunnel. Partial flexible cover on wing is significantly
improved aerodynamic performance at Re = 3 x 10%, and it also enhanced the lift coefficient
and reduced the drag coefficient. The stall angle is delayed from 2.5° to 7°. Howewer, the effect
of flexible surface on the aerodynamic performance reduced with increasing Re. In addition,

due to finite wing, the observed tip vortex influenced the LSB formation on surface of wing.

Mojtahedpoor and Naderi [112] studied numerically on NACA 0012 airfoil with local flexible
to examine the unsteady flow separation on it. They chose the thermoset polyurethane as

material of membrane and located at various locations. The best condition obtained at o = 8°
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and 0 - 0.1 membrane location of chord length for the lift coefficient at 5 x 10° Re number. The
stall angle increased from 10.5° to 12° as a result of the local flexible membrane. The findings
indicate that incorporating a locally flexible membrane on the airfoil effectively suppresses

flow separation, eliminates the formation of LSB, and contributes to stall delay.

Shyy et al. [113] numerically investigated effect of flexible membrane on S1223, NACA 0012,
and CLARK-Y airfoil types at 7.5 x 10* to 2 x 10° Re number. To explore effective airfoil
configurations for MAVs operating in unsteady low-Reynolds-number flows, XFOIL was
adapted to model airfoils with membrane-covered upper surfaces. The flexible designs
demonstrated enhanced stability in lift coefficient and more favorable lift-to-drag ratios when

subjected to oscillatory freestreams, relative to rigid profiles.

Abudaram et al. [114] investigated the aerodynamic effects of elastic membrane wing which
has 0.1 thickness intended for micro air vehicles experimentally at between 10* and 10° Re
number. According the experiment results, wings equipped with thin battens help reduce flight
loads by delaying stall and producing gentler lift curves. In contrast, thicker batten wings can
increase flight loads due to effects like wash-in and cambering caused by membrane inflation,

often generating very high lift values at elevated angles of attack.

Genc et al. [115] experimentally examined a flexible membrane wing with an aspect ratio of 1
at Re = 2.5 x 10* and 5 x 10*. They utilized smoke wire technique for the flow visualization.
The study revealed that low-aspect-ratio flexible membrane wings exhibit unsteady flow
behavior characterized by tip vortices, vortex shedding, and their interaction. The findings
showed that increasing the angle of attack led to greater membrane deformation. Additionally,
as the angle of attack increased, the dominant vibration mode weakened, and the location of the

maximum standard deviation moved closer to the trailing edge.

Hefeng et al. [116] investigated numerically four different cases where various regions of the
wing were flexible. They examined aerodynamic effects by applying local flexible surface on
wing at 1.35 x 10° Re number. The three-segment flexible airfoil demonstrated the highest
performance among the four tested configurations, achieving a 39% increase in lift coefficient
near the stall angle of attack when compared to its rigid version [80].

Lou et al. [117] numerical and experimental investigated on NACA 0012 by local vibration as
flow control. The position of flexible skin is chosen at 0.065 — 0.09 of chord length from the
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LE. The results of the study showed that local vibration triggered vortices in the shear layer
near the short separation bubble, causing additional and smaller vortices to form. This resulted

in a 23% reduction in the drag coefficient [81].
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3. MATERIAL METHODS

3.1. Experimental Model

The experimental studies carried out in order to examine the effect of partial flexible surface
on the aerodynamic characterisctic of NACA 0018 finite wing. The solid NACA 0018
symmetrical airfoil, which has ¢ = 120 mm chord length and s = 480 mm span length, was
chosen as the reference model. Schematic represantation of airfoil is presented in Figure 3.1.
The partial flexible surface was created on the suction and pressure side of the airfoil, and it
covers between x/c = 0.3 and x/c = 0.85 in the chordwise direction for all flexible surface wings
(Figure 3.1b). On the other hand, the length of the flexible surface in the spanwise direction
was changed with solid ribs to investigate the effect of the flexibility on the aerodynamic
performance. In this context, the ribs will be produced from the airfoil section, and the ratio of
rib thickness to wingspan will be selected as t/s = 0.0125 to create sufficient surface area for
attaching the flexible material. One of the research parameters of the project subject was
determined as the flexible surface ratio, sr/s (the ratio of the distance between the ribs to the
wingspan), since the effectiveness of the flexible region on the aerodynamic coefficients will

change depending on the distance between the ribs. (Figure 3.1c).

a-) b-) Flexible surface

& ¥ " x/c=0.85

Flexible surface

Figure 3.1. Schematic representation of test model
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Four different flexible wings, which have Sr/s = 0.481, 0.234, 0.152, and 0.097, were examined
in the present study. (Figure 3.2)

S/s = 0.481

S/s =0.234

Figure 3.2. Schematic representation of wing models having partial flexible surface

All test models were designed using SolidWorks software and manufactured via 3D printer
using PLA material. The flexible surface was created by covering the airfoil with a 0.2 mm
latex rubber sheet, which has a Young's modulus (E) of 2.2 MPa and a density of 1 g/cm?
[92,118]. The manufacturing flowchart of the models is presented in Figure 3.3. In addition,

images of the wing models with different flexible surface ratios are presented in Figure 3.4.

CAD Design 3D Print Covering with Rubber

Figure 3.3. Flowchart of manufacturing the models
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Figure 3.4. The wing models with different flexible surface ratios

3.2. Experimental setup and force measurement

All experiments were conducted in suction type, open circuit, subsonic wind tunnel in the
Aerodynamic Laboratory of the Department of Aerospace Engineering in Adana Alparslan
Turkes Scince and Technology. The components of the wind tunnel are the fan, diffuser, test
section, and contraction (nozzle). To straighten the flow and lower the turbulence intensity by

less than 1%, two fine mesh screens are positioned across the entrance. The contraction section
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has a ratio of 9:1. The wind tunnel (Figure 3.5a) test section which has of 600 x 600 x 1500 mm
was constructed from a 20 mm thick transparent plexiglass sheet. Free stream velocity was
controlled by a 15-kW axial fan with a variable speed control unit (Figure 3.5b). The free-
stream velocity in the test section was determined using a Pitot-static tube with an electronic

manometer (PCE HVAC-2) in order to adjust the free-stream velocity (Figure 3.5c).

Figure 3.5. a) Open circuit, suction type subsonic wind tunnel, b) speed control unit, ¢) pitot-
static tube with electronic manometer

In the experiments, the airfoil is positioned in the wind tunnel on the vertical axis via a three-
axis traverse system. The traverse system moves in three axes, X, y, and z, and it gives the angle
of attack to the test model via a servo motor. The servo motor is precisely adjusted using a
rotating control unit. Positioning of the airfoil in the wind tunnel and the traverse system are
shown in Figure 3.6. Force measurements were performed by using a six-axis force/torque (F/T)
measurement system (ME-systeme-K6D40-50N-5Nm). The force/torque system consist of
transducer, data acquisition (DAQ) card and GSV software with calibration data (Figure 3.6).

The accuracy of transducer is about 2%.
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Rotating control
unit

DAQ card — = ~—— Servo Motor

Figure 3.6. Positioning of the airfoil in the wind tunnel and the traverse system

To minimize the effects of the boundary layer, the endplate was positioned on the bottom
surface of the wind tunnel, with a small gap. As Barlow et al. [119] mention, the gap between
the model and the end plate was kept to a maximum of 0.5% of the wingspan length to avoid
wall effect on the force measurements. Furthermore, to ensure the formation of tip vortices as
observed in real flight conditions, a gap approximately equal to the chord length was adjusted
between the tip of the wing and the tunnel wall. Karasu et al. [120] demonstrated that the
distance between the wing tip and the wind tunnel being equal to the wing chord length is

sufficient for the formation of tip vortices. A schematic representation of experimental setup is
shown in Figure 3.7.

37



¢ -
1 3 )
N
Flow 5¢c
> S

- | 1
«—35
1- Wing
2- End plate 32— I
3- Transducer 4—»
4- Servo motor
5-

Rod

\_\
l
W]
e S

Figure 3.7. A schematic representation of experimental setup

Experiments were performed at four different Re as Re = 3 x 104, 5 x 104, 7 x 10 and 10 x 10*

in order to investigate the effect of the Re on the aerodynamic coefficients of flexible wings.

Re based on the chord length of the wing. Re calculated using Equation 3.1. The temperature

of the Aerodynamic Laboratory was kept constant of 22° C throughout the experiments.
pU_cC

Re = (3.1)
Y7,

where p, U_, ¢, and p denote the density of air, free-stream velocity, chord length of the wing,

and dynamic viscosity of air, respectively.

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 measurements were conducted at the angle of
attack between 0° < o < 18° with a 2° increment for all cases. In order to determine the stall
angle precisely, force measurement experiments were carried out with an increase of 1° around
the stall condition. After lift (FL) and drag (Fp) forces were obtained, it has calculated the

dimensionless coefficients of lift (CL) and drag (Cp) in conjunction with Equations 3.2 and 3.3.

CL=—t (3.2)
0.50U A

Cp=—B (3.3)
0.50U %A

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

wing.
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3.3. Flow Visualization

Flow visualization has long been a foundational technique in experimental fluid mechanics,
used to identify the position and scale of key flow features under investigation. Because most
engineering fluids like air and water are transparent, visualization methods are necessary to
make flow structures observable. In engineering practice, flow visualization is especially
important for analyzing and optimizing flow behavior, particularly in complex, three-
dimensional configurations. During testing, models were positioned horizontally to capture
clearer images of the surface flow patterns. In order to explore the flow characteristics
qualitatively over the wings, surface oil and tuft flow visualization experiments were performed
in the present study. The angles of attack were determined based on the aerodynamic coefficient

results.

3.3.1 Surface oil visualization
Surface oil flow visualization is a relatively straightforward yet widely utilized technique in
wind tunnel testing, offering valuable insight into surface flow behavior. It involves applying a
thin film of oil to the airfoil surface to capture flow features through photography. The method
is cost-effective, easy to implement, and particularly useful for identifying flow topology and
boundary layer development. The oil mixture must possess appropriate viscosity to accurately
reveal separation lines, as the oil is unable to cross separation regions [121].

Commonly used oils for this technique include kerosene and transformer oils. In this study,
5W-30 a fully synthetic engine oil was selected, with titanium dioxide (TiO2) powder as the
pigment due to its white, opaque nature, which provides strong visual contrast against a matte

black-painted airfoil surface. Oleic acid was used as the additive solver for TiOs.

The mixture ratio TiO2 powder, oleic acid, 5W-30 and, kerosene respectively oil in a 1:5:7:2
proportion was adapted. The oil was applied with a brush to both pressure and suction sides of
the airfoil until uniformly coated. The wind tunnel remained operational until the oil dried, after
which high-resolution images were taken using a GoPro HERO 11 camera (27 MP) to document

the resulting flow patterns.

3.3.2 Tuft flow visualization
Tuft flow visualization is a simple yet effective technique widely used in wind tunnel

experiments to qualitatively observe surface flow behavior. The method involves attaching
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small, lightweight yarn or thread tufts to the surface of the airfoil, which align with the local
flow direction when exposed to moving air. This allows researchers to visually detect flow
separation, reattachment, and turbulent or reversed flow regions in real time. Tuft visualization
is especially valuable for low-speed aerodynamic testing due to its low cost, ease of setup, and

ability to capture dynamic changes in flow patterns.

In this study, white nylon yarns approximately 20 mm in length and 0.2 mm in diameter were
used as tufts. The tufts were attached in a grid pattern across the upper and lower surfaces of
the airfoil using a small amount of adhesive. To enhance visual contrast during flow
visualization, the airfoil was painted matte black. The wind tunnel was operated at various
speeds and angles of attack, and tuft motion was recorded using a GoPro HERO 11 action

camera (27 MP) positioned above the test section.

3.4. Validation Of Experiment
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Figure 3.8. C. versus alpha
It was determined that the lift coefficients of NACA 0018 base model which obtained from the
experiments at Re = 10 x 10* were compatible with the study of Boutlilier and Yarusevych
[122].
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4. RESULTS AND DISCUSSIONS

In this section, the effect of flexible surface on the aerodynamic performance of the NACA
0018 airfoil is discussed in detail with force measurement and flow visualization techniques
(surface oil flow and tuft). The obtained results are also compared the base wing (wing with
solid surface).

In Figure 4.1, the variation of lift coefficient (Cr) with respect to angle of attacks is presented
for all wings at Re = 3 x 10% 5 x 10% 7 x 10% and 10 x 10* Since the wing models have a
symmetrical profile, the C. value is obtained as zero at the angle of attack a = 0°. For the Re =
3 x 10* value, the stall angle of the wing model with solid surface is determined as o= 2,5° and
its CL, max = 0.0873 before the stall (Figure 4.1a). The obtained this result is good agreement
with the Rogowski et al. [123]. They conducted an experimental study in the wind tunnel in
order to determine aerodynamic coefficients of NACA 0018 airfoil at low Re. They indicated
that lift coefficient of NACA 0018 is practically negligible at Re = 3 x 10*. On the other hand,
it is clearly seen that the flexible surface is remarkably effective on the lift coefficient. It is
observed that the C. value increases with increasing angle of attack. For the wing model with
flexible surface ratio Sr/s = 0.481 and Sr/s = 0.234 the maximum C angle of attack is obtained
as a = 6° and CL = 0.488 and C. = 0.556 respectively. In other words, the stall angle is shifted
by 3.5° compared to the wing model with solid surfaces, and the maximum C value is increased
by 458% and 536%, respectively. On the other hand, it is observed that the effect of flexible
surface on the C. value decreases for Sr/s = 0.097 in comparison with other flexible surface
ratios. However, Sr/s = 0.097 wing model produce remarkably lift force and it has certain stall

angle when compared to the wing model with solid surfaces.

The variation of C at Re = 5 x 10* is shown in Figure 4.1b. It is observed that Re number is an
effective parameter on the lift coefficients. For the wing model with solid surface, the maximum
Cv values and the stall angle were determined as CL= 0.673 and a = 7°, respectively at Re =5
x 10%. On the other hand, it is observed that the C. values of the wing models with flexible
surface are lower than the wing model with solid surface at Re = 5 x 10* in the range of 0° < o,
< 6° of the attack angles (Figure 4.1b). However, it is observed that the stall angle was around
a = 8° and the maximum C_ values are increased by 13% for flexible surface ratio of Sr/s =

0.481, 0.234, and 0.152 when compared to the base model (solid surface). Besides, the wing
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models with flexible surface are also effective for post stall angles and the C. values are higher
than the wing model with solid surface.

The results obtained at Re = 7 x 10 are presented in Figure 4.1c. It is clearly seen that the effect
of the flexible surface on the lift coefficient decreases significantly with the increase of Re,
especially before the stall angle. For the wing with solid surface at Re = 7 x 10%, the stall angle
and the value of the maximum Cp are determined as 10.5° and 0.876, respectively. It is observed
that C. of flexible surface is lower than that of a solid surface. However, the stall angle of the
flexible surface is slightly changed when compared to the solid surface. On the other hand, C.
values of the flexible surface at post-stall angles are higher than the solid surface. A similar
trend is also observed at Re = 10 x 10* (Figure 4.1d). Especially for high flexible surface ratios,
Cv values are lower than the base wing model; however, they have high values at post-stall
angles.
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Figure 4.1. The variation of C. with respect to angle of attack at different Re

Figure 4.2. shows the drag coefficient variations with the angle of attack for all wing models at
different Re. The obtained results indicates that flexible surface are not only effective on the
lift coefficient but also on the drag coefficient. It is observed that especially before the stall
angle, the Cp values of the wing models having low flexible surface ratio decrease significantly
when compared to the wing model with solid surfaces. The value of Cp increases with
increasing angle of attack. A sharp increase in Cd indicates the formation of the stall on the
wings, and the stall angle is postponed with the increasing Re. On the other hand, the flexible
surface adversely affects the CD at post stall angles, especially for low Re. The values of Cp at

post stall angles for wings with flexible surface are higher than the wing with solid surface. The
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sudden increase in Cp (which occurs at approximately 11° and 12° angles of attack for Re =7

x 10* and 10 x 10%, respectively) indicates the stall condition.
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Figure 4.2. The drag coefficient variations with the angle of attack for all wing models at
different Re

In order to investigate the effect of the flexible surface on the wing aerodynamic performance,
the ratio of the lift coefficient to the drag coefficient (CL/Cp) is also evaluated. Figure 4.3 shows
the variation of C./Cp with respect to the angles of attack for all wing models at different Re.
The flexible surface cause increase in lift force as well as reduction in drag force. Therefore
Cu/Cp remarkably increased when compared to the solid surface. The maximum C./Cp is
obtained for Sr/s = 0.234 at Re = 3 x 10 (Figure 4.3a). When compared to the solid surface, it

increases by at least 425%. The aerodynamic performance of the wings with flexible surface
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decreases with the increasing Re. It is observed that the value of C/Cp of wings with flexible
surface is lower than the base wing for pre-stall angles at Re = 5 x 10* (Figure 4.3a). However,
it gets higher values for post stall angles. The variation of CL/Cp with respect to angle of attack
for all wing models at Re = 7 x 10* and 10x10* are presented in Figures 4.3¢c and 4.3d,
respectively. It is observed that C./Cp values increase with increase angle of attack at Re = 7 x
10* and 10x10* for all wing models. The maximum C./Cp is reached at angle of attack in the
range of 6° < a < 10°, and their magnitudes get close to each other. However, it is determined
that the effective flexible surfaces ratio on maximum C./Cp is Sr/s = 0.152 and 0.481 at Re > 7
x 10,
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Figure 4.3. The variation of C/Cp with respect to angle of attack for all models at different Re
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In order to reveal flow characteristics over the wing models, surface oil and tuft visualization
experiments are performed for a = 4°, 8° and 12° at Re = 10 x 10%. Figure 4.4 shows surface oil
flow and tuft visualization of base model at 0=4°. Surface oil visualization depicts that flow
separates approximately at x/c=0.2 and then it reattaches nearly at x/c = 0.5 (Figure 4.4a). As a
result of this phenomenon, a laminar separation bubble (LSB) occurs between x/c = 0.2 and
0.5. Furthermore, a tip vortex formation is seen at the free end of the finite wing. The tip vortex
directs the flow inwards and creates a chaotic flow structure marked by the blue line in this
figure. Moreover, it affects the LSB over the wing with solid surface. Figure 4.4b presents tuft
visualization of base model at a = 4°. Although tuft visualization does not give information

about LSB, it clearly depicts that the formation of the tip vortex directs the flow inwards.

Separ\ation

Figure 4.4. Surface oil and tuft visualization over the base model at a = 4°

Figure 4.5 illustrates the surface oil and tuft visualization for base wing at a = 8°. It is observed
that the separation line gets close to the LE when the angle of attack increases from 0=4° to 8°.
The reattachment occurs nearly at x/c = 0.25. Therefore, the size of LSB also decreases with
the increasing angle of attack. On the other hand, the surface oil and tuft visualization depict
that the tip vortex affects the flow over the wing.

The visualizations obtained from surface oil and tuft experiments for base wing at a = 12° are
presented in Figure 4.6. The results of both visualizations indicate the flow separates nearly LE

and it does not reattach the wing surface. As a result of this phenomena stall occurs. In
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particular, the result obtained from the tuft experiment depicts that the stall causes an unsteady
and chaotic flow over the wing. On the other hand, it is seen that tip vortex formation is also

effective over the wing.

a) | BASE | o=8°

’ T ——— S Eration ™ M{Ww

Reattachment
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Figure 4.5. Surface oil and tuft visualization over the base model at o = 8°

a) BASE o=12°

ylc

Figure 4.6. Surface oil and tuft visualization over the base model at a. = 12°

47



Since the oil mixture used in surface oil visualization causes deformation of the latex rubber
sheet, tuft visualization experiments were only performed for wings with flexible surfaces.
Figure 4. 7 presents tuft visualization of Sr/s = 0.481 model at oo = 4°, 8° and 12°. It is observed
that tip vortex affects the flow over the wing at all angle of attacks. Furthermore, stall occurs at
o = 12° for Sr/s = 0.481 model. Tuft visualization results obtained for Sr/s = 0.234, 0.152, and
0.097 at different angles of attack are presented in Figures 4.8, 4.9, and 4.10, respectively. It is
observed that tip vortex affects flow over the wing for all wing models, and it causes the flow
to direct inwards. Besides, stall is observed at a = 12°, and these results are in good agreement

with the force measurement results.

Sr/s=0.481 a=4°

0

Figure 4.7. Tuft visualization of Sr/s = 0.481 model at o = 4°, 8° and 12°

48



—

\ B )
e
A
/ /Tipﬁrory/ex

]

/

2
y/c

Figure 4.8. Tuft visualization of Sr/s = 0.234 model at a = 4°, 8° and 12°
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Figure 4.9. Tuft visualization of Sr/s = 0.152 model at a = 4°, 8° and 12°
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Figure 4.10. Tuft visualization of Sr/s = 0.097 model at o = 4°, 8° and 12°
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5. CONCLUSIONS

This study experimentally investigated the aerodynamic effects of partially flexible surfaces
applied to a finite NACA 0018 airfoil operating under low Reynolds number conditions (3 x
10* <Re < 10 x 10%). The primary objective was to enhance aerodynamic efficiency, particularly
in low-speed flight regimes typical of UAVs, by delaying flow separation and mitigating the
adverse effects of LSBs.

Through comparative wind tunnel tests, the performance of four flexible wing models with
varying spanwise flexibility ratios (Sr/s = 0.481, 0.234, 0.152, and 0.097) was evaluated against
a rigid baseline airfoil. The results revealed that partial flexibility significantly improved the
lift coefficient (CL) and delayed stall onset, with the most pronounced benefits observed at the
lower end of the tested Reynolds number range. For instance, at Re = 3 x 104, the model with
the highest flexibility ratio (Sr/s = 0.481) exhibited optimal performance, delaying the stall
angle from 2.5° to 7° and increasing the maximum lift coefficient (C, max) while simultaneously
reducing the size of the LSB. For the wing models with flexible surface ratios of Sr/s = 0.481
and Sr/s = 0.234, the maximum lift coefficient (CL) was achieved with a notable enhancement
in lift performance compared to the rigid wing, corresponding to increases of 458% and 536%
in maximum CL, respectively. Qualitative flow visualization, including surface oil and tuft
methods, confirmed that the flexible membrane effectively suppressed early flow separation,
helping to maintain attached flow over a broader range of angles of attack. However, the
aerodynamic advantages of flexibility were observed to diminish as the Reynolds number
increased, with performance approaching that of the rigid airfoil beyond Re = 7.5 x 10,

These findings underscore that the spanwise extent of the flexible region critically influences
the aerodynamic gains, with wings possessing larger flexible surface ratios leading to smoother
flow transitions and greater lift-to-drag ratios. In conclusion, this research demonstrates the
effectiveness of partial surface flexibility as a low-cost, lightweight, and energy-efficient
passive flow control technique. The results contribute valuable practical insights for the design
of flexible wings for small-scale UAV applications, offering a compelling alternative to more

complex and energy-intensive active flow control methods.
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6. RECOMMENDATIONS

While the current study has demonstrated the aerodynamic benefits of partially flexible surfaces
under low Reynolds number conditions, there remain several directions for future investigation

to further enhance the understanding and practical implementation of this concept.

Firstly, integrating CFD and fluid-structure interaction (FSI) simulations with experimental
findings could offer a more comprehensive understanding of unsteady flow behavior and
membrane deformation. Such analyses would help reveal detailed flow-field mechanisms that

are difficult to capture through visualization techniques alone.

Secondly, the dynamic behavior of flexible surfaces under transient flow conditions, such as
gust response, oscillatory inputs, or time-varying angles of attack, should be explored.
Investigating how partial flexibility behaves in real flight scenarios can provide insights into

structural fatigue, long-term performance stability, and responsiveness.

Moreover, future work could examine alternative flexible materials with varying stiffness,
thickness, or damping properties to optimize the balance between aerodynamic performance
and structural integrity. The implementation of smart materials or adaptive morphing skins may
enable active control of flexibility in real time, further improving maneuverability and

efficiency.

Lastly, expanding the study to different airfoil geometries, higher Reynolds number regimes,
and three-dimensional flight conditions such as pitching or rolling maneuvers will make the

findings more generalizable to a wider range of UAV and MAYV applications.
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