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ABSTRACT

Self-adjusting flexible flap is a biomimetic passive flow control device, which
is evolved by emulating the covert feathers on the upper wing of a bird. The
effectiveness of such a flap was explored mostly for infinite or high aspect ratio
(AR) wings from low to high Reynolds numbers (Re) in prior studies. However,
the aerodynamic characteristics of a high AR wing are completely different from
the lower one due to wingtip vortices. Therefore, in the present work, this flap
is tested on a S5010 profiled wing of two different low ARs, 2.0 and 1.0, in the
Re range of MAVs application. Three flap chord lengths (0.12c, 0.15¢c, and
0.20c) are examined at various chord-wise positions (0.3c to 0.8¢). Results show
that the optimal performance enhancement is achieved when flaps cover 80% of
the wingspan for AR 2.0 and 70% for AR 1.0. The flap does not impact pre-stall
wing performance, but it significantly improves post-stall lift and drag
characteristics over the clean wing. Increasing the flap chord from 0.12c to 0.15¢
increases wing performance, but increases beyond 0.15c provide no additional
beneficial effects. The optimal chord-wise position of the flap for better
performance enhancement is near the mid-chord for both models. Multiple flap
configurations have a relatively lower lift-enhancing capability than single flap
configurations. The effect of Re on the flap effectiveness decreases with
decreasing AR of the wing.
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1. INTRODUCTION

Micro air vehicles (MAVs) are a special form of
unmanned aircraft which are evolving rapidly every year
due to their vast applications in civil and military sectors.
Apart from these, such vehicles are designed to serve
various operations like surveillance missions, border
patrolling, disaster relief services, and improving
communications in urban areas. The main advantage of
such vehicles is their small size, which allows them to be
conveyed by a single operator, difficulty in sighting, and
ease of operation as well as maintenance. For the efficient
design and development of MAVs, various factors must
be taken into account, viz.  aerodynamics,
maneuverability, propulsion system, power unit, and
various accessories (cameras, sensors, etc.) (Mueller etal.,
2007). Among these, the major area of serious concern is
the aerodynamic efficiency of the wing because such
vehicles have limited wing dimensions and power input,
due to which they operate under a low Reynolds number
(Re) range. In general, their operational Re range is 1 x 10*
to 1 x 10° (Mueller, 1999). Prior studies suggested that the

Re has a substantial influence on the aerodynamic
performance of conventional airfoils (McMasters &
Henderson, 1979; Mueller, 1999). Even though
conventional airfoils have been proven to have the best
aerodynamic characteristics at Re above 1 x 109, their
performance in terms of maximum lift coefficients and
lift-over-drag ratio degrades drastically when Re falls
below 1 x 10° due to excessive flow separation
(McMasters & Henderson, 1979). Typically, flow
separation over an airfoil is directly associated with loss
of lift, increased pressure drag, and generation of
aerodynamic noise (Gerakopulos et al., 2010; Winslow et
al., 2018; Park et al., 2020). Therefore, controlling flow
separation becomes very important for the effective design
of such low-speed vehicles.

Aerodynamicists all over the globe are contributing to
addressing these issues through madifications in the wing
configuration or by adopting flow control approaches. The
flow control techniques are broadly categorized into active
and passive strategies (Gad-el-Hak & Pollard, 1998).
Synthetic jets, blowing, suction, plasma actuators, etc., are
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NOMENCLATURE

A wing surface area

AR aspect ratio

AoA angle of attack

b wingspan

c wing chord

C flap chord

Co drag coefficient

CL lift coefficient

Clmax maximum lift coefficient

Cwmo2sc  pitching moment coefficient about quarter-
chord

D drag force

L lift force

M pitching moment

MAV  Micro Air Vehicle

Re Reynolds number

S flap span

Us freestream velocity

p air density

v kinematic viscosity of air

some active techniques that were used to improve the
aerodynamic performance of the airfoil/wing (Kim et al.,
2007; Rizzetta & Vishal, 2008, 2012; Baljit et al., 2017).
Additionally, several passive techniques were also
employed to enhance the performance of airfoils or wings,
including the implementation of a gurney flap, self-
actuating flap, creation of a cavity on the suction surface,
etc. (Meyer et al., 2007; Cravero, 2017; Lam & Leung,
2018; Verma & Kulkarni, 2021). The active approaches
require a power unit to operate, while the passive ones
require no power source. Consequently, the
implementation of an active strategy in small-scale aircraft
creates difficulty for the designer due to constraints of
wing size, power unit, and weight. Therefore, the current
study explores the self-actuating flap as a passive flow
separation control approach. This method is completely
inspired by a bird’s flight. Because of their morphological
system, birds can fly at incredibly low speeds and with
extremely high angles of attack (AoA) (Bechert et al.,
1997; Azuma, 1992). This potential not only helps them to
execute their preferred trajectories with effortlessness, but
it also lets them land softly in congested places and take
off quickly from the small nest. In addition, birds have the
ability to naturally deal with flow separation using the
upper wing surface of the covert feathers. An example of
this is shown in Fig. 1. It has been noticed that the wing
coverts tend to pop-up naturally during their landing
approach AoA or in other situations, such as flight at high
AoA or while passing through gusty wind situations. In
contrast, the same coverts are then instantly returned to
their usual location by reducing the wing's AoA. This type
of wing action is retained sinusoidally during low-speed
flying.

These passive pop-up covert feathers are theorized to
control flow separation and allow higher lift at low speeds,
as well as to improve the bird’s flight performance at high
AOA. Liebe explained the behavior of a bird’s feather as a
biological high-lift device and suggested that it acts as a
brake to prevent the propagation of the separation bubble
towards the leading edge (Bechertetal., 1997). On Liebe’s
suggestions, this concept was initially tested in flight
experiments on the fighter aircraft Messerschmitt Me-109
in early 1938. In this experiment, a thin leather sheet
(known as self-adjustable flap / self-movable flap / lift
enhancing effectors) was placed spanwise on the upper
surface of the aircraft’s wing to imitate a bird’s
covert feathers function. The results showed that the flying
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Fig. 1 A Bar-headed goose’s wing with deflection of
covert feathers to prevent the propagation of flow
separation (Captured by the first author)

behavior of the aircraft with this attachment was
satisfactory at a low AoA. However, when flying at a
higher AoA, it was difficult to handle the aircraft, primarily
due to the aerodynamic asymmetry of the wing. Much
later in this event, various experimental investigations
were conducted by putting lightweight, thin sheets on the
upper surface of the wing to replicate the motion of the
bird's wing coverts (Bramesfeld & Maughmer, 2002;
Schatz et al., 2004; Kernstine et al., 2008; Wang &
Schltter, 2012; Arivoli & Singh, 2016; Hao et al., 2022).
Those studies concluded a satisfactory effect of this self-
movable passive flap on the performance of the
airfoil/wing for post-stall AoA at low to high Re. Initially,
the flap remains attached to the surface of the wing, but
when the flow begins to separate, the flap gradually rises
due to the momentum of reverse flow and continuously
adjusts itself to an equilibrium position that obstructs the
progression of the separation bubble. These lift-enhancing
effectors act as pressure dams that reduce the adverse
pressure effect of separation on the pressure distribution
of attached flow upstream of the flap location, resulting in
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lower pressure upstream of the upper surface than
downstream of the flap (Bramesfeld & Maughmer, 2002).

Bechert et al. (1997) explored how these effectors
functioned and proved the feasibility of thin flaps as lift
enhancement effectors in the high Re range of 1 x 108 to 2
x 10%  Similarly, Meyer et al. (2007) found an
improvement in the lift at higher AoA for a wing section
using passive flaps closer to the trailing edge for the same
Re. Further, this study was extended to a low Re regime to
examine the flap effectiveness up to Re = 3 x 10% - 4 x 10*
(Schluter,  2010). Moreover, the aerodynamic
characteristics of the wing resulting from installing the
flap depend on various factors such as flap size and its
material (weight, stiffness, and flexibility), installation
location on the wing surface, and hinge configuration for
its easy rotation. Kernstine et al. (2008) explored the flap
material selection and suggested that the flap should be
made of a material that is thin, lightweight, flexible, and
should have adequate strength to prevent tearing. These
properties allow the flap to follow the curvature of the
airfoil, which avoids loss of lift at low AoA and prevents
tearing against aerodynamic forces at high AoA. Other
parameters that influence flap performance are flap width,
hinge arrangement, and its location on the wing surface.
Most of the earlier studies accounted for flap widths
between 10% and 40% of the chord length and found a
favorable effect on the lift of the airfoil in the post-stall
region (Meyer et al., 2007; Kernstine et al., 2008; Schlter,
2010; Wang & Schliter, 2012). The flap size below 10%
of the chord was found to be inadequate to obstruct the
reverse flow during the stall. While flap lengths, more than
40% of the chord demonstrated lift loss at lower angles of
attack due to premature flap deployment caused by a
reduction in surface pressure across the flap. Further, any
flap position was not found universally effective for all
flap lengths and wing sections, but it was noted to be
dependent on the pressure distribution and boundary layer
separation characteristics of the wing surface (Meyer et
al., 2007; Altman & Allemand, 2016). For example,
Avrivoli et al. noticed a considerable lift enhancement for
the rectangular flat plate planform when the flap was
placed close to the trailing edge (0.8x/c) (Arivoli & Singh,
2016; Arivoli et al., 2020). In the case of the Zimmerman
planform, the flapping effect was more significant when it
was fixed at the maximum span location (0.4 x/c) of the
wing for the same flap length and flow conditions. It was
revealed that, for a wing with leading edge stall behavior,
placing the flap near the trailing edge may not be useful
since the reverse flow has already spread on the wing
surface before reaching the trailing edge of the flap.
Similarly, a flap does not create a favorable effect for a
wing with trailing edge stall characteristics when it is
positioned in an upstream location on the wing.

1.1 Research Gap

Previous studies have demonstrated that self-
deployed flaps are a feasible technique for improving the
lift and stall characteristics of an infinite wing or airfoil
under various Re regimes. Most investigations have
focused on the effect of parametric variation in flaps on
the performance of conventional airfoils or large AR
wings. However, there is a lack of information and
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understanding available regarding the application of this
passive flap in low AR wings. In fact, the aerodynamic
characteristics of a low AR wing are entirely different from
those of a similar wing with a high AR or its airfoil section
(Mizoguchi & Itoh, 2013; Karasu et al., 2018). This is
mainly caused by wingtip vortices, which induce
downwash on the upper wing surface. As an effect of this
downwash, pressure distribution over the surface changes,
consequently affecting the performance of the wing.
Further, as the wing AR reduces, the wingtip vortices
become more significant. Hence, it is interesting to
explore flap effectiveness for low AR wings, which would
be beneficial for fixed-wing MAV applications. Although
Altman & Allemand (2016) investigated the influence of
flap on the finite wing's performance, but the studies were
unable to predict flap effectiveness based on an AR below
3.0. As it was reported that the performance of the wing
was found to be relatively similar to AR of 3.0 and above,
whereas, for AR below 3.0, a significant effect of AR on
the wing characteristics was observed (Mizoguchi & Itoh,
2013). As a result, the preceding investigation is
insufficient to quantify the effectiveness of passive flaps
for the wings with an AR below 3.0.

1.2 Present Objective

In view of the abovementioned research gap, the
present studies are planned to explore the impact of self-
actuating flaps on the performance of wings with ARs
below 2.0, specifically within the Re range relevant to
MAVs. The primary objective commences with a detailed
investigation into flap dynamics, concentrating on the
analysis of parametric variations in flap span lengths to
determine the optimal span size for enhanced
performance. Building upon this foundation, the
subsequent phase of our exploration shifts focus to
examine the effects of varying flap chord lengths and their
chord-wise placement on the wing surface. Through this
systematic exploration, our overarching goal is to
contribute valuable findings that directly address key
parameters crucial for optimizing the flying characteristics
of MAVs, ultimately improving their efficiency and
maneuverability. The details of the wing models,
experimental setup, and aerodynamic measurements are
explained in the following sections.

2. EXPERIMENTAL SETUP

Present investigations are carried out in an open
circuit subsonic wind tunnel located at the Department of
Mechanical Engineering, Indian Institute of Technology,
Guwabhati, India. This tunnel has a test section of square
cross-section of 0.6 m x 0.6 m and a length of 2 m. It is
capable of generating freestream velocities in the range of
0.1 m/s to 50 m/s. Here, flow velocity is measured using a
pitot static tube connected to an electronic manometer.
This measurement has an uncertainty of 0.3%. The
experiments are conducted for a freestream velocity range
of 5 m/s to 13 m/s. The freestream turbulence level inside
the test section is examined using a hot wire anemometer
[Model: HWCTA-AMB717, Make: Sunshine
Measurements], and it is found to be 0.35% for the tested
speed range.
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Table 1 Key parameters used for the printing process

Parameters

Description

Layer thickness

0.08 to 0.12mm (For better surface finish)

Infill pattern type

Grid (to optimize object weight, strength, and printing time)

Infill density 40 to 50 % (Provides stiffness)
Infill speed 30 to 35 mm/s (Usually low for better surface finish)
No. of shells 3-4 (to improve strength of model)

Herein S5010 airfoil section is chosen for fabricating
the wing models of different ARs 2.0 and 1.0. This airfoil
was specially designed for wings flying at low Re speeds
and to generate higher lift at a lower AoA range than a
conventional airfoil. The S5010 profile has a maximum
camber of 0.018¢ at 0.32c, and the maximum thickness is
0.098c at 0.276¢ (Selig et al., 1996). For the wing with an
AR of 2.0, the chord length is 0.120 m, and the span is
0.240 m. Meanwhile, for the wing with an AR of 1.0, the
chord length is 0.170 m, and the span is 0.170 m. These
models, made from polylactic acid (PLA) material, are
printed using a fused deposition modeling (FDM)
technology-based 3D printing machine [Model: Pro2,
Make: RAISE3D]. In the FDM process, a thermoplastic
filament is heated and extruded layer by layer to create a
three-dimensional object. This is to ensure that the models
have a favorable surface finish and better structural
stability. A series of assessments has been made on the
basis of material layer height, feeding speed, and number
of shells, as shown in Table 1. Accordingly, it has been
noted that the printing composition of 0.08 - 0.12 mm
layer height, 30 - 35 mm/s feed speed, and 3 - 4 nos. of
shells produce a good surface finish and structural stability
of the model (Ayrilmis, 2018). The models fabricated with
this setup exhibit negligible aerodynamic deviation under
low Reynolds number conditions, thereby minimizing any
significant impact on the boundary layer.

In this study, the self-movable flap is made of a thin
Mylar sheet of thickness 0.12 mm and is considered for
mounting at various chord-wise locations ranging between
0.3c and 0.8c on the suction side of the wing surface. The
flap width sizes are chosen from 0.12¢ to 0.20c, and the
leading edge of the flap is attached to the wing surface
using Polypropylene adhesive tape of thickness 30 um.
This configuration allows the flap to rotate freely about its
leading edge at a fixed location. A tensile test is performed
using a universal testing machine [Model: Acumen 12,
Make: MTS systems corporation] for the Mylar sheet to
estimate Young’s modulus (E) for the calculation of
flexural stiffness. For testing, a Mylar sheet with
dimensions of 85 mm length, 18 mm width, and 0.12 mm
thickness is used. The Young’s modulus of the flap
material is measured as 6.357 kN/mm? for the tested
sample size. The flexural stiffness (EI) of this thin film is
obtained as 16.477 N-mm? by the adopting procedure as
described by Combes and Daniel (2003), indicating that
the material has sufficient rigidity to resist deformation
during the lifting process. The representation of flap span,
chord size, and their position details on the wing surface
are shown by a sketch in Fig. 2. In the initial phase of the
flap experiments, four different flap span lengths
are tested to study the three-dimensional effect on the flap
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Fig. 2 Schematic representation of flap geometry
details and its placement on the wing surface

dynamics for both the wing models. In the first
arrangement, the flap span is extended over the entire span
of the wing (S = 1.0b). For other configurations, the flap
span is chosen as 0.9b, 0.8b, and 0.7b and placed on the
wing surface in such a way that symmetry is maintained.
Single and multiple flapped wing configurations are
mounted on the force balance, as shown in Fig. 3.

Aerodynamic forces and moment acting on the
models are measured using a three-component strain
gauge-based force balance (Model: WBAL-00103, Make:
Sunshine Measurements). This balance estimates lift,
drag, and pitching moment with optimum load capacities
of 10 N, 4 N, and 0.5 N-m, respectively. The resolution of
the force balance, as specified by the manufacturer, is
0.001 N for lift and drag forces and 0.0001 N-m for a
pitching moment. Furthermore, the uncertainty in the
balance is less than £3.0% for lift and pitching moment
measurements  and less  than +1.5%  for
drag measurements. The complete experimental setup for
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Support strut

Airfoil fairing

(b) Multiple flaps configuration
Fig. 3 Mounting of a wing with attached flap on the
force balance inside the test section

aerodynamic measurements on the wing is shown by the
schematic in Fig. 4. Here, the balance system is mounted
on the floor of the test section, and the model is affixed on
the angle piece (model support plate), which is hinged at
the top vertical bar of the balance. This support strut is
covered by an airfoil-shaped fairing that is not connected
to the balance mechanism. A fairing is a structure that
provides streamlined flow due to its airfoil shape and
reduces drag. It is fixed to a wooden plate, and it doesn’t
transmit any force to the balance's measuring mechanism.
The strut passes through the fairing without contact and is
directly connected to the balance system. The bottom
portion of this bar is attached to the metric plate, which is
linked to strain sensors through link elements. The pitch
angle of the mounted model can be adjusted between —10°
and 30° to the flow direction and is measured using a
digital spirit level with an uncertainty of + 0.1°.
Additionally, the force balance system is equipped with a
provision to adjust and set the angle of attack as required.
To ensure accuracy, the digital spirit level measurements
are cross-verified with the scale provided in the balance
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Fig. 4 Experimental setup

system. This dual approach ensured that the angle of attack
is consistently and reliably measured throughout the
experiments.

In order to assess the interference caused by the model
support structure, an additional experiment is conducted
without mounting the wing model on the balance. In this
manner, the balance measures the drag force generated by
the support strut structure (without the wing model). This
value is then subtracted from the total drag values
experienced by the wing model to eliminate the effect of
interference from the support strut in the force
measurement. Another essential parameter in the wind
tunnel experiments is the blockage ratio, defined as the
ratio of the wing's frontal area to the cross-sectional area
of the test section. In the present study, this factor is found
to be in the range of 0.56% to 3.52% when a wing of AR
= 1.0 is tested at AoA from 4° to 26°. At the same time, it
is observed to be between 0.55% and 2.74% for a wing of
AR = 2.0 in the AoA range of 4° to 20°. As suggested in
the literature, it is not required to incorporate blockage
correction in the measurement when the blockage ratio
values are less than 5% (Barlow et al., 1999; Chen & Liou,
2011; Jeong et al., 2018).

Moreover, validation of the present measurement
setup has also been carried out before initiating the
experiments on the wing with a self-adjustable flap. Since
there is no experimental lift data available for the S5010
profiled wing of AR = 2.0 and 1.0 in the existing literature,
hence it is validated with data from the infinite wing model
for the same airfoil obtained by Selig et al. (1996). The
results obtained in this study are for the S5010 airfoil-
based infinite wing model at Re = 6 x 10% and it is
validated with Selig’s experimental results, as shown in
Fig. 5. The present results exhibit good agreement with
reported data for the tested range of AoA, indicating the
reliability of the measurement setup.

For error estimation in aerodynamic coefficient
measurement, the standard deviation of the measured
samples and subsequent standard error of the mean is
estimated (Moffat, 1988). This force balance has a
sampling frequency of 100 Hz, and sample acquisition
was conducted over a duration of 20 seconds.
Measurements were repeated five times at each AoA,
maintaining consistency across experimental conditions,
whether performed on the same day or on different days.
The maximum standard errors of the mean are found to be
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Fig. 5 Validation of lift of the present study with
the reported data at Re = 6 x 10*

less than +3.0 % for lift and moment measurement, while
for drag, it is less than +1.5 %. These estimated errors are
represented by the error bars in the lift and drag curve for
various flapped wing configurations of AR = 2.0 at Re of
1 x 10°, as shown in Fig. 6.

3. RESULTS AND DISCUSSION

Experiments are conducted to explore the
effectiveness of a passive flap for the S5010 profiled wing
of two different aspect ratios (AR = 2.0, 1.0) in the Re
range of 6 x 10*to 1 x 10°. The results of the investigation
are discussed in two different sub-sections. The first sub-
section discusses flap dynamics and analysis of parametric
variation of flap span lengths to estimate the optimal flap
span size. The next sub-section covers the discussion
about the effect of different flap chord lengths and their
chord-wise placement on the wing surface on the
aerodynamic performance. Finally, the influence of AR
and Re on the flap effectiveness is addressed.

3.1 Understanding of Flap Dynamics and Flap Span
Effects

Initial wind tunnel experiments are carried out to
obtain an overview of the fundamental behavior and set of
possible flap designs for the existing wing configurations.
In this phase, a thin Mylar sheet, emulating the covert
feathers of the bird, is installed on the suction surface of
the wing near the trailing edge. When the flapped wing is
tested at a lower AoA, it is observed that the flap remains
attached to the surface and has no influence on the wing's
aerodynamics. This observation is illustrated in the
schematic shown in Fig. 7a. However, as the AoA is
increased, the flap begins to rise and adjusts itself to an
equilibrium position, which eventually controls the flow
separation (Fig. 7b). This is the reason these flaps are
called as self-adjusting flaps. Such flaps do not require an
actuation device to activate; however, the opening and
closing actions of the flap are controlled by the flow
surrounding the wing. Once the flow starts to separate
from the trailing edge, reverse flow is bound to occur in
this separation regime (Bechert et al., 1997). Under these
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Fig. 7 Schematic representation of self-adjusting
movable flap behavior for (a) pre-stall and (b) post-
stall zones

flow conditions, the flap begins to deploy passively as the
recirculation bubble moves upstream for an increased
AoA. Thus, it acts as a brake since it prevents
the separation bubble region from spreading towards the
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Self-adjustable flap

Reverse-flow vortex
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Fig. 8 Influence of wingtip vortices over flapped
wing configuration

leading edge. Consequently, static pressure distribution on
the suction surface upstream of the flap gets lower than
that of the rear part of the flap (Meyer et al., 2007). This
decrease of pressure on the suction surface upstream of the
flap is beneficial to increase the lift at a higher AoA. As
the present study deals with the finite wings, it is obvious
that wingtip vortices will be present, as shown in Fig. 8.
These wingtip vortices would alter the pressure
distribution over the wing surface and flow over the flap.
Therefore, it would be interesting to explore how the
flapped wing’s performance would change with
decreasing flap span length along the wingspan.

In this regard, experiments are carried out on the wing
of AR = 2.0 and 1.0 with a flapped configuration of
reducing flap span sizes from 1.0b to 0.7b along the wing
spanwise. The study is accomplished for flap width
between 0.12c and 0.2c and its various chord-wise
locations between 0.3c and 0.8c at the Re of 1 x 10°. The
lift coefficient corresponding to different flap span lengths
for a flap chord of 0.15c at a location of 0.4c is presented
in Fig. 9. For the clean wing of AR = 2.0, Cy increases with
increasing AoA up to 14°; beyond that, it begins to decline
(Fig. 9a). So, the stall angle is recorded close to 14°, and
corresponding C is found as 0.88. In the case of AR = 1.0,
the stall point is noted as 20°, and associated C. is 0.65 at
Re = 1 x 10° (Fig. 9Db).

All flapped wing configurations exhibit the same lift
characteristics as respective clean wings in the pre-stall
region irrespective of any flap spanning size. Beyond the
stall angle of the wing, all the flap configurations show a
significant effect on the lift characteristics except the flap
span of 1.0b. The flap spanning 100% of the wingspan (S
= 1.0b) does not show any lift improvement, even in the
post-stall region for any position and width of the flap. In
the case of full-span flap configuration, the flap movement
is obstructed by the downwash induced by wingtip
vortices. So, the flap remains attached to the upper wing
surface at low to high angles of attack; hence, it does not
affect the aerodynamic performance of the wing. In
contrast, this downwash effect is insignificant for an
infinite or high aspect ratio wing, so full-span flaps work
effectively and have been proven to be a performance
enhancement effector (Bramesfeld & Maughmer, 2002;
Liu et al., 2010).

Further, results reveal that as the span of the flap
decreases, significant improvement in the lift and stall
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Fig. 9 Lift characteristics corresponding to
different flap span lengths for chord flap chord of
0.15c at location 0.4c for Re = 1 x 10°

characteristics is observed for the configurations. When
the flap span is 90% of the wingspan, the stall point
increases to near 14% for AR = 2.0, and no improvement
is seen for AR = 1.0 wings. As reported, the effect of
downwash on the suction surface increases with the
decrease in the wing AR (Mizoguchi & Itoh, 2013).
Therefore, the effect of wingtip vortices is more
pronounced on the flap motion of the AR = 1.0 model. For
a flap span of 80 to 70 % of wingspan, stall angle increases
up to 28% and 20%, respectively, in the case of AR = 2.0
and 1.0. These experimental results indicate that by
reducing the flap span, it is possible to minimize the effect
of downwash acting on the flap dynamics, thereby
contributing to higher lift generation. On the other side,
greatly reducing the span of the flaps also reduces the
contribution to lift generation for the post-stall region. In
the current study, the optimal flap span length is found as
80% of wingspan (S = 0.8b) for AR = 2.0 and 70% of
wingspan (S = 0.7b) for AR = 1.0, which is the same for
all the flap chord sizes and their locations. The difference
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in optimal flap span length is expected to be primarily
caused by variation in wingtip vortices, which induce
downwash on the upper wing surface. This downwash can
alter the pressure distribution over the wing's surface and
affect flap movement, thereby impacting the flap's
effectiveness (Mizoguchi & Itoh, 2013; Altman &
Allemand, 2016).

3.2 Analysis of Flap Chord Sizes and Positions

Since self-adjusting flaps are raised by reverse flow,
the flap must be light in weight and positioned optimally
on the wing so that it can respond properly to the reverse
flow. Essentially, the weight is affected by two factors,
namely, the flap material and its size. Here, the flap
material and its thickness are not changed during testing.
Therefore, to figure out the optimal flap size and position
for the current models, experiments are carried out for
different flap chord lengths ranging from 0.12c to 0.2c at
Re of 1 x 10°. These flap sizes are examined for different
chord-wise flap positions starting from near the trailing
edge at 0.8c and progressing upstream to 0.3c. The effect
of these locations and flap dimensions are discussed in this
section.

3.2.1 Lift Characteristics

The measured lift coefficients corresponding to
various flap chord lengths (0.12c, 0.15c, 0.2¢) and their
positions (x/c = 0.8, 0.6, 0.4) for AR = 2.0 wing are
presented in Fig. 10. The analysis of results show that the
lift curve remains the same in the pre-stall zone for both
clean and flapped models of any given flap chord length
and its location. Meanwhile, for the post-stall region, all
the flapped wings reveal improvement in the lift and stall
characteristics compared to the clean model. In the case of
configuration with attached flap length of 0.12¢ at x/c =
0.8, 0.6, 0.4, the stall angle has been noticed to be
increased by 14% (Fig. 10a). Further, the C. increases by
15% at AoA = 16°. Changing the flap location upstream
does not provide any advantages in terms of lift or stall for
this configuration. When the chord is 0.15c, flapped wing
shows smooth stall characteristics, and the stall angle rises
by 22% for flap locations at x/c = 0.6, 0.4 (Fig. 10b). For
the same locations, C. improves by approximately 27% at
Ao0A = 18°. The flap mounting at x/c = 0.6, 0.4 has better
lift and stall characteristics than the flap attached close to
the trailing edge at x/c = 0.8.

A similar test has been performed with a chord length
of 0.2c, and the results show that the stall angle increases
by 22% at x/c = 0.6 and by 14% at other places (Fig. 10c).
An increase in flap chord length from 0.12c to 0.15c has
shown a substantial improvement in both lift and stall
angle. The flap size of 0.12c may be less effective in
obstructing the progression of reverse flow in the upstream
of flap due to its lighter weight, which can lead to a loss
of lift and an earlier stall. However, when the flap size
increases from 0.12c to 0.15c, the ability to obstruct the
spreading reverse flow is expected to improve, which may
contribute to improving lift and stall angle. Further,
increasing the flap chord from 0.15c¢ to 0.2c resulted in an
almost identical increase in lift on the wing. Thus, the
optimal range of flap size for an AR = 2.0 wing is
found to be higher than 0.12c¢ and lower than 0.2c for
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Fig. 10 Lift characteristics of an AR = 2.0 wing with
various flap chord sizes and positions at Re = 1 x 10°

better performance enhancement. In addition, flap
positions show a substantial effect on lift and stall
behaviors. Configurations with attached flap at x/c = 0.6
or 0.4 provide a higher value of lift or stall angle than other
locations, irrespective of any flap chord sizes.
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Moreover, this experiment is also extended to study
the effect of multiple flaps on the wing performance for
the current Re. For this, three sets of flap configurations
are explored. The first configuration has two flaps, one
closer to the mid-chord (0.4c) and the other near the
trailing edge (0.8c). In the second arrangement, both flaps
are located around the midpoint of the chord (x/c = 0.4,
0.6), and in the final arrangement, the three flaps are
placed at x/c = 0.8, 0.6, 0.4. The results of AR = 2.0 wing
with arrangements of double and triple flaps of size 0.15¢
are presented in Fig. 10b. It is observed that all multiple
flap configurations exhibit higher post-stall lift and
increase in stall angle than the clean wing. Here, the stall
angle increases by 14%, and lift rises by 15% at AoA =
16°, which is the same for both double and triple flap
setups. However, this gain in lift and stall is lower when
compared to the increase obtained by the single-flapped
wing for a location of 0.4c or 0.6¢. In single-flapped
configurations, the flap is expected to more effectively
obstruct reverse flow in the separation region and maintain
attached flow upstream of the flap, which can lead to
enhanced lift and delayed stall. In contrast, the
introduction of multiple flaps can cause additional
disturbances in the flow, potentially leading to a premature
transition to turbulence (Arivoli & Singh, 2016). This
transition may destabilize the separation bubble, making it
more challenging to control reverse flow and adversely
affecting the pressure distribution over the wing surface.
Consequently, double or triple-flapped configurations
may exhibit less lift enhancement and stall delay than a
single-flapped  arrangement.  Further, the same
experiments were also performed on other flap chord
sizes, such as 0.12c and 0.2c, for the same wing, and
similar results were obtained as with the 0.15¢ case. Thus,
single-flapped configurations show better lift and stall
enhancements over double or triple-flapped arrangements
for all flap chord sizes. Similar lift and stall behavior
reductions were observed by employing double self-
adaptive flaps compared to a single flap for the same
rectangular flat plate wing (Arivoli & Singh, 2016).

A similar flap experiment is also carried out for a
wing of AR = 1.0 to study the effect of flap chord size and
its locations on aerodynamic performance. In these tests,
the flap is initially considered at a downstream location of
x/c = 0.8 and then moved to other upstream locations such
as 0.6, 0.5, 0.4, and 0.3. Figure 11 shows lift coefficient
variation attributed to different flap chord sizes (0.12c,
0.15c¢, 0.2¢) and their placement at Re = 1 x 10°. The lift
curve shows that stall occurs at 20° for the clean wing.
Similar to the AR = 2.0 flap model, all flapped
configurations have approximately the same lift as the
clean wing in the pre-stall region. The flaps at locations
x/c = 0.8 and 0.6 do not provide significant improvements
in the lift and stall angle for the AR = 1.0 wing. For a flap
of 0.12c size at upstream positions x/c = 0.5, 0.4, 0.3, the
stall point increases by 10% over the clean model (Fig.
11a). When the flap size increases from 0.12c¢ to 0.15c, the
stall angle increases by 20% at x/c = 0.4 (Fig. 11b). Further
increase in flap size does not provide any benefit for
improving lift and stall than the flap of 0.15c (Fig. 11c).
Moreover, moving the flap positions on the model from
the trailing edge towards upstream shows a beneficial

0.8
0.7
0.6
~ L
© 0.5F
r No Flap
0.4 ——— Flapatx/c=0.8
i —A—— Flapatx/c=0.6
03k —@——— Flapatx/c=0.5
L —&@— Flapatx/c=04
L —v—— Flapatx/c=0.3
0 2 TR I TR TR SN TN TR [ TR SN N TR SN NN TR T |
: 4 8 20 24 28

12 16
AoA (deg)
(a) Flap chord-size = 0.12¢

0.8
0.7f
0.6
~
©ost
No Flap

0.4 —+—— Flapatx/c=0.8

I —&—— Flapatx/c=0.6

03k —@— Flapatx/c=0.5

1 —&—— TFlapatx/c=04

I —v— Flapatx/c=03

0.2|||I| TN S T T [N TR T A T

1 |
4 8 12 16 20 24 28
AoA (deg)

(b) Flap chord-size = 0.15¢

0.8
0.7
0.6
~
© 05
I No Flap
04r —+—— Flapatx/c=0.8
I —&—— Flapatx/c=0.6
03k —@—— Flapatx/c=0.5
’ —&—— Flapatx/c=04
L —v—— Flapatx/c=0.3
opbet v vy

4 8 20 24 28

12 16
AoA (deg)
(c) Flap chord-size = 0.2c

Fig. 11 Lift characteristics of an AR = 1.0 wing with
various flap chord sizes and positions at Re = 1 x 10°

effect on the post-stall lift characteristics. For the AR = 1.0
model, a configuration with a flap of 0.15c at x/c = 0.4 on
the model demonstrates better lift or stall behavior
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compared to other flap sizes and locations. The
experiments are also performed for multiple flaps on the
wing to evaluate the performance enhancement capacity
in the case of a low aspect ratio wing (AR = 1.0). Similar
to the AR = 2.0 model, all double or triple flap
configurations show higher post-stall lift values and stall
angles than the baseline case. However, this increase in the
lift is lower when compared to the lift obtained by the
single-flapped arrangement.

The present analysis demonstrates that variations in
wing AR result in significant changes in lift and stall
behaviors. For the clean wing, with a decrease in the
aspect ratio from 2.0 to 1.0, the maximum lift coefficient
(CLmax) decreases by close to 26% at Re = 1 x 10°, while
the associated stall angle increases from 14° to 20°. Hence,
the Cumax Of the wing decreases with a decrease in AR.
Similar behavior of Crmax as a function of AR was also
observed for the flat plate wings (1.0 < AR < 3.0; 6 x 10*
<Re <200 x 10%) (Pelletier & Mueller, 2000). In the case
of flap configurations, AR also shows a substantial effect
on the flap effectiveness. Reducing the AR of the wing
reduces flap span size to work effectively by eliminating
the effect of wing tip vortices. Further, the optimal flap
location is also varying with the AR. For AR = 2.0, the
positioning of the flap between the mid-chord and trailing
edge locations has a favorable influence on lift and stall
characteristics for all flap chord sizes. In the case of AR =
1.0, the positive effect of the flap is noticed only for the
upstream location of the mid-wing. However, Altman &
Allemand (2016) observed that changing the AR from 7.0
to 4.0 had no major effect on flap effectiveness for high
AR wings. In terms of lift coefficient, the AR = 2.0 wing
appears to be more sensitive to parametric variations in
flap chord lengths and its positions for a given Re than AR
=1.0.

3.2.2 Drag Characteristics

The influence of single or multiple flap arrangements
on the drag characteristics of the wing is estimated at Re =
1 x 10°, as presented in Fig. 12. Figure 12a shows the
variation of Cp as a function of AoA for AR = 2.0 wing
with different flap positions of chord size 0.15c. The drag
value continues to increase with an increasing AoA, which
is the same for both clean and flapped configurations.
However, the value of Cp rises gently with an angle for a
lower AoA (AoA < 12°), while at higher angles, the drag
force rises rapidly. Here, the plotted drag data is the total
drag acting on the wing, which is a combination of profile
drag (skin friction and form drag; arising due to viscous
effect) and induced drag (resulting from wingtip vortices).
It has been noted that, for streamlined bodies at lower
angles, the values of form drag and induced drag are small,
which means that the majority of the drag force is due to
skin friction drag (Anderson, 2011). This concept helps to
explain the lower rate of rising Cp for lower AoOA.
However, as the AoA increases, the flow begins to separate
from the upper surface of the wing. As a result, form drag
begins to increase due to flow separation, and hence, the
Cpo increases rapidly at high AoA.

The influence of flap arrangement on the drag force is
less significant for the pre-stall region but more significant
for the post-stall angles. All the flapped configurations
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Fig. 12. Drag characteristics of different flapped
wing configurations at Re = 1 x 10°

show significantly low values of drag against the baseline
case, except for the flap location of 0.8c. The drag curve
for a flap position near the trailing edge (x/c = 0.8) is
similar to that of a clean wing. Further, double (0.4c and
0.8c, 0.4c and 0.6¢) and triple (0.4c, 0.6¢, 0.8¢c) flapped
configurations exhibit relatively higher drag coefficients
as compared to the flap location of 0.4c (Fig. 12a). The
addition of multiple flaps can cause additional flow
disturbances, leading to premature transition into
turbulence (Arivoli & Singh, 2016). This transition
destabilizes the separation bubble, resulting in increased
pressure drag. Consequently, double or triple-flapped
configurations exhibit higher drag than the single-flap
configuration. Flap chord size also reveal significant
effects on the post-stall drag behavior. As the flap chord is
increased from 0.12c to 0.15c, the magnitude of the drag
coefficient for the post-stall zone decreases. However,
with a further increase, i.e., from 0.15c to 0.2c, the drag
force does not change significantly. A similar experiment
is also carried out for estimating the drag force for AR =
1.0 wing with different flap sizes and their arrangements;
results are presented in Fig. 12b. Drag coefficients for the
pre-stall region are unaffected by the presence of flap,
which is the same for all flaps configurations. For post-
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stall angles, flap placement between the leading edge to
the mid-wing chord has shown a lower drag value than the
un-flapped one. Similar drag reduction was observed for
the NACAO0012 airfoil attached to the passively flexible
thin fin close to the leading edge (x/c = 0.1, 0.2) in the
post-stall zone (Liu et al., 2010). In contrast, the
configuration with flap placement downstream of the mid-
wing exhibits a drag curve similar to that of a clean wing,
even in the post-stall region. Similar to AR = 2.0, the
double and triple flap arrangement models also show
higher drag than the single flap at x/c = 0.4. Further, a flap
of 0.12c chord length reveals a higher drag value than a
chord of 0.15c and 0.2c for all the locations. Compared to
AR = 2.0 flap configurations, changing flap parameters
such as cord, location, and flap numbering have less effect
on the drag characteristics for AR = 1.0.

3.2.3 Moment Characteristics

The pitching moment data is obtained at about a
quarter chord (0.25c) of the wing for all the flap
configurations at Re = 1 x 10° Here, the moment
coefficients as a function of AoA for AR = 2.0 and 1.0 wing
with different flap chord sizes and their positions are
presented in Fig. 13. For the clean wing, the magnitude of
Cwm,0.25¢ decreases to negative values with increasing angle
up to 14°, and after this angle, an increasing trend is seen
for AR = 2.0 (Fig. 13a). Also, in case AR = 1.0, the pitching
moment curve decreases till 20°, then an increasing trend
is noticed (Fig. 13b). The rise in the moment curve
following a specific angle is related to the reduction in lift.
As it has been noted that the behavior of the lift curve
alters as it gets near the stall angle, a similar trend has also
been noted for the moment curve. It also changes its
behavior near the stall point. Similar moment behavior
associated with lift characteristics was observed for flat
plate wings of various planforms (Okamoto & Azuma,
2011). The significance of the negative pitching moment
refers to the fact that when the AoA rises, it tends to rotate
the wing towards its equilibrium position to offset the
disturbance caused by the AoA. Also, it was emphasized
that the slope of the moment curve must be negative for
the static longitudinal stability of aircraft (Nelson, 1998).
In this study, the moment slope is estimated from the
linear region of the curve and is found in negative values
as -0.0104 /deg and -0.0072/deg for the base wing of AR
= 2.0 and 1.0, respectively.

Further, the moment characteristics in the pre-stall
region are unchanged by using this passive flap,
irrespective of its size and position for both models. In
contrast, the flap affects the moment behavior
significantly after the stall point. All the flap
configurations show more negative pitching values for the
post-stall angles than the baseline. This indicates that the
pitch-down tendency of the flapped wing is higher than the
un-flapped one in the post-stall zone. A flap at locations
of x/c = 0.6 or 0.4 exhibits a more negative magnitude of
Cw,0.25¢, than other flap arrangements for AR = 2.0 (Fig.
13a). Moreover, single-flap configurations show more
pitch-down tendencies as compared to the double or triple-
flapped wings. When the flap chord length increases from
0.12c to 0.15c, the post-stall moment rises in the negative
magnitude. In contrast, a further increase in chord size,
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Fig. 13 Pitching moment characteristics of different
flapped wing configurations at Re = 1 x 10°

such as from 0.15c to 0.2c, does not affect the moment
coefficient. For AR = 1.0 models, the moment curve is
unaffected by the flap position close to the trailing edge
(x/c = 0.8) but is affected by the upstream or mid-wing
position of the flaps (Fig. 13b). Configuration with flap at
x/c = 0.4 shows more pitch-down tendency as compared
with other flap locations at high AoA. Similar to AR =2.0,
double or triple flap arrangement exhibits a lower negative
value of Cw,0.25¢, than single. Moreover, increasing the flap
size from 0.12c to 0.15c improves the more negative
magnitude of the moment, while expanding the size above
0.15c does not affect the moment behavior. Similar to lift
and drag behavior, the moment characteristics of the AR =
2.0 flap configurations are more sensitive to changing flap
parameters than those of a low AR wing.

3.3 Effect of Aspect Ratio and Reynolds Number on
Flap Effectiveness

The present analysis demonstrates that variations in
wing AR result in significant changes in lift and stall
behaviors. For the clean wing, with a decrease in the AR
from 2.0 to 1.0, Crmax decreases by close to 26% at Re = 1
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x 105, while the associated stall angle increases from 14°
to 20°. Hence, the Crmax Of the wing decreases with a
decrease in AR. This can be justified by the classical
theory. As per the conventional theories for the prediction
of aerodynamic lift for low AR wings, the lift generation
has two sources: linear and nonlinear (Gabriel & Mueller,
2004). Linear lift is described by the potential theory,
where lift is associated with circulation around a wing,
while the nonlinear lift component appears from the
presence of wing tip vortices. When the wing AR is
reduced, the potential theory-based lift reduces because of
the strong downwash caused by the tip vortices
(Mizoguchi & Itoh, 2013). Thus, with a decreasing wing
AR, the total lift decreases. Additionally, these tip vortices
can re-energize the slower-moving boundary layer on the
suction surface of the wing and thereby delay the flow
separation in the downstream direction (Mizoguchi &
Itoh, 2013; Karasu et al., 2018). These dynamics may
potentially increase the stall angle for the lower AR wings.
Moreover, Crmax increases with increasing Re for both the
AR, as shown in Fig. 14. Similar behavior of Cimax as a
function of AR and Re was also observed for the flat plate
wings (1.0 < AR < 3.0; 6 x 10* < Re <2 x 10°) (Pelletier
& Mueller, 2000). In the case of flap configurations, AR
also shows a substantial effect on the flap effectiveness.
Reducing the AR of the wing reduces flap span size to
work effectively by eliminating the effect of wing tip
vortices. Further, the optimal flap location is also varying
with the AR. For AR = 2.0, the positioning of the flap
between the mid-chord and trailing edge locations has a
favorable influence on lift and stall characteristics for all
flap chord sizes. In the case of AR = 1.0, the positive effect
of the flap is noticed only for the upstream location of the
mid-wing. However, Allemand observed that changing
the AR had no major effect on flap effectiveness for high
AR wings (Altman & Allemand, 2016). In terms of
performance (lift, drag, moment), the AR = 2.0 wing
appears to be more sensitive to parametric variations in
flap chord lengths and its positions for the same Re than
AR =1.0.

Moreover, no significant effect of Re on the flap
dynamics is observed in the pre-stall region. Therefore,
aerodynamic coefficients for pre-stall angles remain
unchanged with varying Re from 6 x 104 to 1 x 10°. But,
this self-adjustable flap responds differently at various Re
for particular flap size and their position for post-stall
angles, as presented in Fig. 14. For AR = 2.0 flap
configurations, the Crmax increases with increasing Re
from 6 x 10* to 8 x 10* for all the cases (Fig. 14a).
However, for Re between 8 x 10% and 1 x 105 the
magnitude of Cimax is either almost constant or decreases
with Re. With an increase in Re, the reverse flow
momentum increases, which creates higher flap
displacement and more lift to be produced. However, after
a certain Re limit, the same flap is unable to resist these
additional forces arising from increased velocity in the
recirculation zone at some locations, causing the effect of
a flap on the contribution of lift generation to be reduced.
On the other hand, the positive influence of Re is observed
on the C_max for all flapped configurations of AR = 1.0
(Fig. 14b). As Re increases from 6 x 10*to 1 x 105, the
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Fig. 14 Maximum lift characteristics of different
flap configurations wings at various Re

Curmax exhibits improvement for both chord lengths, 0.15¢
and 0.2c.

Based on the above observation, the behavior of Cimax
as a function of Re shows a difference for both AR
configurations, even while keeping the same flap chords
and their placement. Thus, in order to obtain a positive
response from the flap under different Re, flap size,
position, and material will need to be changed. Similar
flap behavior with varying Re was reported by Kernstine
et al. (2008). In the case of drag coefficients, when the Re
is increased from 6 x 10% to 1 x 105, post-stall drag data
reduces for all flap configurations of AR = 2.0. While, for
AR = 1.0 configurations, no significant effect of varying
Re from 8 x 10% to 1 x 10° is noticed on the drag curve.
For the pitching moment, it is found that the pitching
moment values of the flapped wing of AR = 2.0 become
more negative with increasing Re. Hence, the pitch-down
tendency of the flapped wing rises with increasing Re in
the post-stall region. At the same time, no significant
effect of Re on moment characteristics is noted for the
flapped AR = 1.0 model, even at a higher AoA. Thus, it is
evident that the impact of varying Re on flap effectiveness
reduces as the wing AR decreases.
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4. CONCLUSIONS

This study is focused on investigating the feasibility
of a self-adaptive movable flap on low AR wings and
exploring flap effectiveness in various aspects, including
flap span, chord length, and chord-wise placement for the
MAV application. In this regard, the experiments are
conducted with a S5010 profiled wing of two different
ARs, 2.0 and 1.0, in the presence of a flap for the Re range
of 6 x 10% to 1 x 10°. Three different flap chord length
setups, 0.12c, 0.15c, and 0.2c, have been tested for various
chord-wise positions between 0.8c and 0.3c. Moreover,
flap span size also varied from 1.0b to 0.7b in order to
study the effect of tip vortices on flap effectiveness. The
studies show that all flap configurations exhibit
performance curves similar to a clean wing for the pre-
stall region at a given Re. The flap spanning 100% of the
wingspan does not provide any beneficial effect on the
wing performance, even at a high AoA. When the flap span
shrinks from both sides towards the wing center line, the
influence of downwash on the flap motion is reduced,
contributing more to lift generation. The best performance
improvement is obtained when the flap covers 80% of the
wingspan for AR = 2.0, and it is around 70% of the span
in the case of AR = 1.0.

The flapped wing configurations reveal higher stall
angle and post-stall lift coefficients than baseline in most
cases. Initially, when the flap chord size increases from
0.12c to 0.15c¢, it enhances the lift and stall characteristics
for both models. Further increases in flap size, such as
0.15c to 0.20c, do not provide any additional improvement
in performance for all locations. The optimal location of
this self-adjustable flap also varies with the AR of the
wing. For AR = 2.0, the flap locations between 0.6¢ and
0.4c exhibit better performance than the other locations.
Meanwhile, for AR = 1.0, better enhancement is observed
for a flap location of x/c = 0.4, and no significant effect of
the flap is noticed for a flap position downstream of a mid-
wing chord. Multiple-flap configurations have a relatively
lower lift-enhancing capability than single-flapped models
in some locations. Further, in most cases, post-stall drag
reduction is observed for flapped wings than a clean
model, which is the same for both ARs. However, double
or triple-flapped configurations show a lower drag value
than baseline but higher than single flap in the post-stall
region. When the flap chord is increased from 0.12c to
0.15c¢, the drag and moment characteristics improve, but
an increase above 0.15c provides no beneficial effect. In
the case of pitching moment, flaps do not change the
longitudinal stability of the wing for pre-stall angles while
increasing the pitch-down tendency of the wing in the
post-stall region. The effect of Re on the flap effectiveness
decreases with decreasing wing AR. Furthermore, the
aerodynamic performance parameters of a flapped wing of
AR = 2.0 appear to be more sensitive to parametric
variations in flap chord length and its positions for the
same Re than AR = 1.0. Overall, these experiments identify
the optimal size and attachment location of a flexible flap
on a low AR wing to delay stall, enhance lift, and reduce
drag compared to a wing without a covert flap. Therefore,
this passive flap can be a valuable device for improving
the flying performance and maneuverability of MAVS.

The present study can be extended to conduct particle
image velocimetry (P1V) experiments on the flapped wing
configurations to visualize and analyze the flow field
around the flap. This approach could provide a more
detailed understanding of the complex flow structures,
such as separation, reverse flow, and vortex formation,
which significantly affect the effectiveness of a self-
adjusting flap.
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