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Abstract: In this work, experimental and computational approach is used to understand the corrugation
attitude of a bio-inspired dragonfly mimicked corrugated airfoil at low Reynolds number varying from
15000 to 75000 to understand the advantages of pleated corrugated airfoil. The CFD analysis is carried
out on the 2-dimensional bio-mimetic corrugated ‘Pantala flavescens’ dragonfly forewing to predict
the aerodynamic characteristics of the corrugated dragonfly aerofoil with varying angle of attack from
0° to 8°. The computational analysis of the wing profile is done using the ANSYS-19 ICEM CFD and
FLUENT software. For the experimental test, the model is printed in 3-D printer machine and tested in
subsonic Wind Tunnel at different speeds and different angle of attacks using a wind tunnel 6-component
balance. The computational simulation reveals the exemplary results of the pleated airfoil (corrugated
aerofoil) with new design constraints. Finally, the computational result is validated with experimental
results.
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1. INTRODUCTION

The ‘Pantala flavescens’ forewing discloses wavy corrugated structure and the corrugation
varies along the longitudinal axis rendering aerodynamic characteristics [1]. Dragonfly is
unique in nature due to its high maneuverability, low noise and gliding performance that make
them most suitable for the MAVs. For the steady level flight, the dragonfly can fly up to an
altitude of approximately 100 m intro the air using flapping flight and remains aloft without
requiring extra kinetic energy. Thus, this feature is most desirable advantage to implement into
MAVs for Power saving capacity [2]. On the other hand, past computational studies [3, 4, 5]
relate that the corrugated wing produces higher lift and less drag. In fact, dragonfly wing
experiences significant amount of bending and twisting during flight, which will change the
aerodynamic as well as the structural response during loading conditions. Usually, insect
wings appear to be a flat plate in terms of aerodynamic characteristics. But basically, dragonfly
corrugated wings are devised by the wrap of flexible permeable membrane into V-shaped
valleys [6]. Numerous studies assert that the kind of mechanism and exemplary smart structure
of dragonfly wing can withstand array of loads. The wings have a high stability and are covered
with a thin layer of wax being made of chitin and structural proteins (Kesel et al., 1998;
Ellington,1984) [7-13, 14, 15]. This work is inspired from the dragonfly wing corrugation
located at the radius part of the wing nearly 40% of the total span of the wing from the root.
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During gliding flight dragonfly wings are considered as ultra-light aerofoil due to their well-
defined cross-sectional corrugation. Most of the researchers [16-21] have investigated the
aerodynamic benefits because the flight kinematics of dragonfly insects differs significantly
from most of insects.

In the micro air vehicle design, mostly high C/Cp ratio, high Power and Low sinking rate
is preferred. For high efficiency and long range corrugated wing can perform much better at
higher angle of attack (AoA) [21]. The high level of dexterity in wing motion of the dragonfly
allows for its excellent maneuverability and superior flight performance than existing designs
[22, 23]. In this present work we have considered the pleated aerofoil of subcosta part of
forewing of dragonfly and performed the CFD analysis and wind tunnel testing of the pleated
aerofoil at different motor RPM and angle of attack to understand the attitude and its benefit
over conventional wing structure.

2. GEOMETRY AND CFD ANALYSIS

Fig. 1 shows the two-dimensional model of wavy corrugation profile located at the subcosta
of the forewing of dragonfly wing having chord length 110 mm and thickness is 4 mm. The
thin pleated aerofoil is considered which is lying at 40% from the root of the wing.

Fig. 1 CATIA V5 model of corrugated aerofoil

The simulation is done in CFD using ANSYS Fluent and ICEM to understand the
aerodynamic characteristics of the corrugated pleated aerofoil of given dimension.

The performance is predicted in terms of graphs which emphasizes that the corrugation
provides better gliding ratio (C./Cp), Maximum Endurance and minimum sinking rate.

The Performance analysis is done for the varying Reynolds number range of Re = 15000
to Re =75000.The boundary conditions are shown in Table 1.
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Fig. 2 Ansys Geometry model Fig. 3 Mesh grid at 0°
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Table 1. Boundary Conditions

Domain size 910 mm x 610 mm
Dynamic viscosity (u) 1.7895 x 10° Ns/m
Density 1.23 Kg/m?®
Minimum orthogonality 0.511
Inflow velocities (U,,) 2 m/s, 5m/s and 10m/s
Reynolds number 15000, 37000 and 75000

The model is created in ANSYS geometric model as shown in Fig. 2. After the meshing of the
model in ICEM CFD, we exported them to ANSYS 19.0 Fluent and generated a mesh over it
and also assigned a domain (i.e. inlet, outlet and walls) as shown in Fig. 3.

3. CFD RESULTS
3.1 CFD Analysis different velocities and angle of attack
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Fig. 4 (a) Convergence at 0° AoA Fig. 4 (b) Pressure contour at 0° AoA
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Fig. 4 (c) Velocity contour at 0° Fig. 4 (d) Turbulence contour at 0°

From Fig. 4(a) and (b) we can observe that at stagnation point the pressure is maximum at the
leading edge of the corrugated aerofoil and velocity is zero. After this, there is a uniform
pressure distribution over the wing.
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Fig. 4 (e) Convergence at 4° AoA

Fig. 4 (f) Mesh grid at 4° AcA
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Fig. 4 (g) Static pressure contour at 4° AcA

Fig. 4 (h) Velocity contour at 4° AcA

Fig. 4 (i) Turbulence contour at 4° AoA

As shown in Fig. 4(g) as there is linear increment in static Pressure over the pressure side
of the corrugated aerofoil, the high pressure difference results in increased lift [22, 23]. The
velocity on the upper surface is more at the rear end and the flow left the smooth surface with

minimal velocity as shown in Fig. 4(h).

The turbulent eddies flow is formed at the trailing edge, as angle of attack (a) increases

as shown in Fig. 4(i).
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e At 5m/s Velocity
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Fig. 5 (a) Convergence at 0° AoA
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Fig. 5 (b) Flow reversal and reattachment at 0°AcA Fig. 5 (c) Static pressure contour at 0°AcA
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Fig. 5 (d) Velocity contour at 0° AcA Fig. 5 (e) Turbulent contour at 0° AcA
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Fig. 5(h) Velocity contours at 4° AoA Fig. 5(i) Turbulent K.E Contour 4° AoA

As shown in Fig. 5(a) the mesh at 4° AoA is converged. Increasing the angle of attack
increases lift and simultaneously increases drag also but for the corrugation wing as the
incidence angle increases, the Cy increases resulting in increment of L/D ratio which helps on
reducing the eddies and vortices.

The vortices are trapped inside the valley and reattaches to the surface or peak delaying
the flow separation.

From Fig. 5(b) we noticed that the flow is trapped inside the third valley of the corrugated
aerofoil and delays flow separation where the blue arrows represent reversed flow due to
change in pressure gradient and sooner the flow reattaches towards the trailing edges. As the
angle of attack angle increases from 0° to 4° the stagnation point start shifting to bottom of the
corrugation leading edge and Pressure at the leading edge is maximum where the velocity is
zero exhibit in Fig. 5(c) and 5(d). Due to stall the vortices are formed, which results in fall of
the lift and the decrease of performances.

The pressure is maximum at the stagnation point which is shifted at the lower edge of the
pleated aerofoil, where the maximum pressure is shown in Fig. 5(g).

From Fig. 5(h) we can observe that the velocity on the upper surface is very high which
results in less pressure on suction side and high pressure on pressure side and the vortices are
trapped inside the valleys as shown in Fig. 5 (i).
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Fig. 6 (e) Convergence at 4° AoA Fig. 6 (f) Pressure contour at 4° AoA
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Fig. 6 () Velocity contour at 4° AoA Fig. 6 (h) Turbulence contour at 4°A0A

The red dot represents the stagnation point where pressure is higher on the lower part of
the wing, which implies velocity is less on the lower surface and there is higher velocity on
upper side due to pressure difference results in production of the lift as shown in Fig. 6 (f).

Since high velocity on the upper surface and zero velocity in the valleys indicate flow
reversal in the valleys due to pressure difference at the particular location it leads to vortices
formation as shown in Fig. 6 (g). The turbulence effect is shown in Fig. 6 (h).

But here the flow is trying to reattaches and the lower surface flow is going to re-energize
the upper surface flow delaying the flow separation which gives better L/D ratio.

We know that higher corrugation angle delays the flow separation ensuring better L/D
ratio.

The continuous movement of stagnation point from the leading edge to the trailing edge
as angle of attack (a) is increased [8, 13].

With increase in angle of attack there is a reverse flow within the valley and reattachment
takes place at the trailing edge and flow leaves smoothly over the surface as it is predicted.

The C./Cp ratio plays an important role on the range and endurance performance of the
MAVsS.

If (E—L) ratio is maximum, the range will be maximum. To fly longest distance (maximum
D

range) we should fly the MAVs at speed corresponding to maximum L/D for the corrugated
wing [17, 18].
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Fig. 7 Coefficient of Lift with respect to o [degree]  Fig. 8 Coefficient of Drag with respect to o [degree]
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Fig. 9 Lift to Drag ratio with respect to o [degree]

As we can observe from Fig. 7, the coefficient of lift increases with increase in angle of
attack as the flow velocity increases in due course of time.

Till 8° AoA, the C. goes on increasing simultaneously Cp is also higher as shown in Fig.
8. If L/ D ratio is maximum, the range will be maximum, and L/D is maximum at 4 degree and
after this it is decreasing slowly at 10m /s, as shown in Fig. 9.

So to fly longest distance (maximum range) the corrugated wing should fly at speed
corresponding to maximum L/D.

4. EXPERIMENTAL ANALYSIS

The corrugated wing model is 3D printed using Acrylonitrile Butadiene Styrene(ABS)
material having Planform area 110 X 50 mm? and a thickness of 4 mm, as shown in Fig. 10
(a) and 10 (b), but for 2-d experimental analysis we have considered the span as unity (i.e.
b=1mm) and only the effect of chord is accounted.

The experimental testing is performed in an open loop wind tunnel test section of size 0.6
m x 0.6m x 2m.

The 6-Component balance is used to get reading of lift forces and drag forces while
varying Reynolds number from 15000 to 75000 (as most of the MAVs fly in this range), and
at various AoA from 0°(degree) to 8°(degree).

The digital six-component balance is used to do the calculation of aerodynamic forces
acting on the wing.

Fig. 10 3-D printed ABS corrugated wing
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Fig. 11 Wind Tunnel facility at GITAM University Fig. 12 Corrugated wing in wind tunnel
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Fig. 13 Coefficient of Lift with respect to o [degree] Fig. 14 Coefficient of Drag with respect to o [degree]
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As we can observe, that C._ increases when the incidence angle increases, as depicted in Fig.
13. It is seen that there is drastic increase in lift force as the angle of attack proceeds further
and it is maximum at velocity of 10m/s; simultaneously Cp also increases and maintains nearly
constant for the range of 4 degrees to 8 degrees, as shown in Fig. 14. The gliding ratio CL/CD
is nearly 9, which is maximum at 10m/s, as shown in Fig. 15.

5. VALIDATION OF COMPUTATIONAL AND EXPERIMENTAL RESULTS

The Computational result is validated with the experimental results to understand the accuracy
of the flow behaviors for a given Reynolds range of 15000 to 75000, as shown in Table 2,
Table 3 and Table 4.
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Table 2. Comparison of C. for Computational and Experimental Results

A0A Computational Results Experimental Results
o CL (2ml/s) CvL (5m/s) CvL (10m/s) CL(2m/s) | CL(5m/s) | CrL (10m/s)
0 0.3 0.35 0.39 0.3214 0.3891 0.4821
2 0.442 0.48 0.589 0.4167 0.4849 0.6449
4 0.699 0.701 0.893 0.6593 0.7328 0.92
8 0.72 0.752 1.105 0.7954 0.8926 1.14121
Table 3. Comparison of Cp for Computational and Experimental Results
AOA Computational Results Experimental Results
o Cpb (2m/s) Cpb (5m/s) Cpb (10m/s) Co (2m/s) | Co (5m/s) | Cb (10m/s)
0 0.0692 0.08013 0.08211 0.0987 0.1009 0.1146
2 0.0792 0.08791 0.08961 0.1197 0.1219 0.1307
4 0.09123 0.0903 0.09552 0.1209 0.1298 0.1438
8 0.0948 0.0989 0.1451 0.1329 0.1439 0.1603
Table 4. Comparison of L/D ratio for Computational and Experimental Results
AOA Computational Results Experimental Results
o L/D (2m/s) | L/D (5m/s) | L/D (10m/s) | L/D (2m/s) | L/D (5m/s) | L/D (10m/s)
0 3.787 4.3304 4.7509 3.256 3.9554 4.2068
2 4.9473 5.4749 5.5762 4.3166 4.7981 5.1637
4 7.663 7.7674 9.348 7.1075 7.1864 8.9777
8 7.2804 7.5449 8.9255 6.7373 7.0368 8.8091
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Fig. 16 Coefficient of lift with respect to o [degree]  Fig. 17 Coefficient of Drag with respect to o [degree]

INCAS BULLETIN, Volume 12, Issue 2/ 2020



Md Akhtar KHAN, Chinmaya PADHY 84

190 J_'—_—‘———L—-—l ————— —4—L/DComp. (2 m/s)

8 //| ! ! —B—L/DExp.i2 mfs)

! ﬁ____ L/DComp.( 5 m/s)
a ° £ == /D Exp.[5 m/s)
3 j ? —#—L/DComp.(10 m/s)

3 L/DExp.(10 m/s)

2

1

0

0 2 4 6 8 10
o

Fig. 18 Lift to Drag ratio with respect to o [degree]

6. CONCLUSIONS

The present work relates to the aerodynamic performance and experimental analysis of 2-d
corrugated aerofoil of the dragonfly located at 40% of the forewing near the subcosta part of
the forewing. The observation from computational analysis is that the corrugated wing is more
suitable for low Reynolds number flyer at lower angle of attack.

The corrugated airfoil acts as tabulators and delays the flow separation and stall. We also
observed that the pleated aerofoil is giving better lift to drag ratio and the results are consistent
near the radius or subcosta part of the forewing, as being considered.

TheWind Tunnel testing experiment indicates that there is less flow separation and flow
reattaches in the valleys, even at lower angle of attack the L/D ratio is higher compared to
conventional aerofoil at a particular angle.

The validation tells that the computational and experimental results are really close and
comparable.

These results give useful understanding and characterization of rigid flapping wing flight and
aid to the design of highly agile micro air vehicle.
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