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ABSTRACT: The current research has experimentally studied the aerodynamic characteristics and  Review History:

production of lift and thrust forces of a flapping flexible wing over a range of flow speeds and frequencies  Received:
in the sub-sonic wind tunnel. Thus, the flapping wing model was installed on the test section, and by  Revised:
changing the flow components and angles of attack, the horizontal and vertical forces - equivalent to  Accepted:
the thrust and lift - were measured and recorded. The experiments were conducted at Reynolds numbers ~ Available Online:
0f'42,000 to 170,000, which is the flight range for natural birds with dimensions close to pigeons. The
wingbeat frequency has also been set from 0 to 6 Hz to encompass the wingbeat frequency of natural  Keywords:
birds. The model consists of two parts of rigid (at the root) and flexible (at the tip) and the oscillation is Wind Tunnel
provided by an electro-mechanical system. The highest thrust was achieved at an angle of attack of 3 )

. o . . . Experimental Method
degrees. The wing flexibility caused the pressure difference on both sides of the wing to cause unsteady
deformations. In this case, as the speed increases, the amount of lift on the wing grows with the square Flow Speed
power of the speed, Thus, the wing deforms more at higher speeds and the lift coefficient decreases with ~ Flapping Wing
increasing speed. The flow structure at an angle of attack of 9 degrees is not capable of producing thrust.  Flexibility

1- Introduction

The dynamics and aerodynamics of flapping wing aircraft
have long been of interest to researchers, and numerous
numerical and experimental studies have been conducted
in this field. In recent years, the trend towards flight using
flapping force has increased significantly. Chang et al. (2019)
studied the aerodynamic performance of a seagull-inspired
flapping bird using a numerical method and solving the flow
equations for unsteady viscous flow. The effect of the optimal
wing twist on the drag force and power consumption of the
aircraft has been reported [1]. Ramezani Volojerdi and Mani
(2019) conducted an experimental study to investigate the
effect of the retrograde angle in a flying bird with a rigid wing
and investigated the effect of the type and angle of retrograde
at different angles of attack as well as the range of Reynolds
numbers. The rigid wing has a straight initial section. In the
following, two types of simple retro-reflection and retro-
reflection inspired by nature are examined. Results show
that the stalling in the nature-inspired wing did not stall up
to an angle of attack of 24 degrees; Whereas a conventional
swept wing stalls before an angle of attack of 24 degrees [2].
Ramezani Volojerdi and Mani (202 1) continued their research
by investigating the effect of the flapping of the bird model
on the coefficients of lift and thrust forces in the Reynolds
range from 42,000 to 170,000 in a subsonic wind tunnel.
By changing the flapping frequency and the angle of attack,
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they showed that with increasing flapping frequency, the lift
force increased by up to 100%, and sometimes the drag force
approached zero; and also led to delays and stalling in the
wings [3]. Zhao et al. (2021) conducted a numerical study to
investigate the effect of wingtip selection on the acrodynamic
performance ofa flapping bird. In this study, while maintaining
the wing chord size, the analysis was performed based on the
maximum curvature change equivalent to values of 25%,
21%, 17%, and 12.5%, and the effects of aero-clasticity and
the interaction of aerodynamic forces, structural deformation
and its role in determining the performance of a flapping
wing bird have been investigated [4]. Wang et al. (2022)
investigated the aecrodynamic performance of a flapping bird
with a two-jointed wing in a numerical study by solving the
governing equations for incompressible flow transiently [5].
In a review study focusing on aeroelastic issues related to
flapping wings, Changchuan et al. (2023) investigated the
importance of the leading edge vortex and its effect on the
wing structure, kinematics, and wing deformation [6]. Addo-
Akoto et al. (2024) have experimentally investigated the
aerodynamic effect of wing leading edge curvature in static
flight as well as horizontal flight of a flapping bird. Studies
based on image flow velocimetry showed that leading edge
curvature can lead to stronger aerodynamic circulation in the
wingtip region [7]. Bouard et al. (2024) have numerically
studied the aerodynamic behavior of both rigid and flexible
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Fig. 2. Installed model in the wind tunnel

wings of a flapping bird in stationary flight. The effects of
wing deformation on aerodynamic performance have been
studied under quasi-steady and unsteady conditions [8]. The
main difference between flapping wings and other flying
devices is the generation of propulsive force by the wings.
In the current study, To better understand the aerodynamic
characteristics in the production of lift and propulsion forces
of a flapping wing with a flexible wing, the flapping geometry
has been experimentally tested at different speeds, different
angles of attack, and a range of flapping frequencies, and the
results are presented.

2- Methodology

The wing model is made of a rigid section at the root
with an S1223 airfoil section with a reference chord length
of 150 mm, as well as a flexible section at the end half. The
electromechanical mechanism creates a reciprocating motion,
and enables flight conditions at different angles of attack and
different wing beat frequencies, as shown in Figure 1.

Experiments were conducted in a subsonic, open-loop
wind tunnel in the aerodynamic research laboratory at the
Amirkabir University of Technology with a rectangular
Imx1m cross-section and a 1.8m length test section. For
boundary layer growth along the tunnel walls, the test section
is diverged by 1 degree. The minimum and maximum flow
speed of the tunnel is 2.5 m/s and 60 m/s respectively that can
be achieved via a 100kW alternating current electric motor. To
ensure good flow quality in the test section, the tunnel settling
chamber contains a 4mm thick honeycomb and three-layer
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Fig. 3. Comparison of the effect of speed on the lift and
thrust coefficients of a wing in terms of frequency o=0°

anti-turbulence screens. The maximum turbulence intensity
is less than 0.2% measured by hot-wire anemometry. The
external force balance was used to detect the aerodynamic lift
and drag forces of the wings. The load limits are 240N along
the normal axis (lift) and 80N on the horizontal axis (drag).
In addition, the minimum resolution along the horizontal axis
is 0.001N, and along the normal axis, it is 0.003N. Also, the
hysteresis of lift and drag forces are less than 0.1 and 0.15
percent respectively. The model is mounted on the angle of
attack setting device and this device is placed on the external
force balance as shown in Fig. 2. As illustrated in Fig.1c the
analog voltage signals of force balance are transmitted to
a personal computer by an amplifier and a data acquisition
board. The data was collected at a sample rate of 10 kHz for
7 seconds. A view of the test bed and the model can be seen
in Figure 2.

3- Results and discussion

The effect of flow speed on the lift and thrust of a flapping
wing with a flexible wing is presented. These results were
tested at 4 speeds (5m/s, 10m/s, 15m/s, and 20m/s) at 7
flapping frequencies (from 0 to 6 Hz) and 9 angles of attack
(from 0 to 24 degrees with a 3-degree increment) - atotal of 252
cases - and the results are presented in terms of dimensionless
coefficients of lift and thrust forces. Figure 3 shows the lift
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Fig. 4. The Effect of speed on the wing lift (A: 0=9°, B:a=12°, C:0=15°, D:a=18°, E:0=21°, F:0=24°)

and thrust coefficients of a flapping wing as a function of
frequency at zero degree angle of attack. According to Figure
3, the effect of increasing speed on aerodynamic performance
and force coefficients was not uniform. So increasing speed
from 5 to 15 m/s caused a decrease in the thrust coefficient,
but with increasing speed to 20 m/s, the thrust coefficient
increased again.

The effect of wing flexibility on the lift coefficient diagram
was clearly evident; so increasing speed at frequencies less
than 2, where the effect of flapping on wing deformation is
less and most of the deformation is due to the change in wing
force due to increasing speed, caused a decrease in wing lift.

Figure 4 shows the effect of speed on wing lift at angles of
attack of 9 to 24 degrees. According to Figure 4, the behavior
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of lift force with respect to speed changes at speeds greater
than 10 m/s at angles of attack from zero to 21 degrees has
been the same, so increasing speed in this range has always
been accompanied by a decrease in lift coefficient. Flexibility
is the main reason for the decrease in lift coefficient with
increasing speed in a flexible wing; because this wing factor
causes the pressure difference on both sides of the wing to
change the shape of the wing in such a way as to reduce the
pressure difference on both sides of the wing. In this case,
due to the increase in speed, the amount of lift force on the
wing due to the pressure difference has grown with the square
power of the speed, and as a result, the wing has changed
more at higher speeds, and consequently, the lift coefficient
of the wing has decreased with increasing speed.

As shown in Figure 4, increasing the speed from 5 to 10
m/s at some angles of attack increases the lift coefficient and
at other angles of attack decreases the lift coefficient on the
wing. The combination of the flexibility of the wing and the
different flow structures at 5 m/s causes the lift coefficient at
this speed to be very variable, especially at angles of attack
above 9 degrees where the flow structure changes from a
propulsive to a drag-producing structure. At some angles of
attack, the lift coefficient is greater than the lift coefficient at
10 m/s and at some angles of attack, the lift coefficient is less
than 10 m/s.

4- Concluding remarks

A current study has experimentally investigated the
aerodynamic characteristics and lift and thrust generation
of a flapping flexible wing. To this end, the effects of the
flow speed, angle of attack, and flapping frequency on
the dimensionless coefficients of lift and thrust have
been measured and presented. The results of the study are
summarized as follows.

At zero angle of attack, the effect of increasing the speed
to 15 m/s causes a decrease in the thrust coefficient, but with
an increase in the speed to 20 m/s, the thrust coefficient
increases again. In a flexible wing, increasing the speed at
frequencies less than 2, where the effect of flapping on the
wing deformation is less and most of the deformation is due
to a change in the pressure distribution on the wing due to the
increase in speed, causes a decrease in the lift force.
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Flexibility is the main reason for the decrease in lift
coefficient with increasing speed in flexible wings; because
this wing factor causes the pressure difference on both sides
of the wing to change the shape of the wing in some way and
reduce the pressure difference on both sides of the wing. In
this case, due to the increase in speed, the amount of lift on
the wing due to the pressure difference grows with the square
power of the speed and as a result, the wing deforms more
at higher speeds, and consequently the lift coefficient of the
wing decreases with increasing speed.
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Fig. 1. Aerodynamic forces near the wing root (a: zero mounting angle, b: mounting
angle greater than zero)
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Fig. 2. Aerodynamic forces near the wingtip (a: zero mounting angle, b: mounting angle greater
than zero)

Yoe+0



VOIS B VFAY domio AF+T Jlo V) oyl DF 093 pusS pual SilSlo pwtiggs

O3db e ile Y JS

Fig. 3. The flapping wing mechanism

Jb (s 93 51 Y glod F JSUS

Fig. 4. Top view of two wing sections
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Table 1. Geometric and kinematic characteristics of the pigeon[15] and the test model
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Fig. 5. Schematic of the model and the test equipment
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Fig. 7. Comparison of the effect of speed on the lift and thrust coefficients of a wing in the terms of
frequency 0=0°
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frequency a=3°
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Fig. 10. The Effect of speed on the wing thrust (A: 0=9°, B: 0=12°, C: ¢=15°, D: 0=18°, E: 0=21°, F: a=

24°) (Continued)
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Fig. 10. The Effect of speed on the wing thrust (A: 0=9°, B: 0=12°, C: 0=15°, D: 0=18°, E: 0=21°, F: o= 24°)
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Fig. 11. The Effect of speed on the wing lift (A: a=9°, B: a=12°, C: a=15°, D: 0=18°, E: 0=21°, F: o= 24°)(Continued)
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