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The dragonfly is the source of inspiration for scientists and engineers to
understand the mechanical behaviour of low Reynolds number flyers. Several
studies reveal that the dragonfly forewing reveals a highly corrugated structure that
helps to develop the most suitable Bio-mimetic micro air vehicles (BMAVs) and
implement new technology to develop futuristic wing shape and design (Fish, 2006;
Hu & Tamai, 2008; Norberg, 1975; Wakeling & Ellington,1997.)
The agility of dragonfly’s gliding flight allows them to dip and dart in any
direction, elevating up to an altitude of 100 m into the air. The earlier investigation
also showed that flapping corrugated flight's lift coefficient exceeds the steady level
flight (SLF) of non- flapping insects (Levey, 2009; Murphy & Hu, 2010). Thus,
this feathery and non-smooth wing features shown to be the cause of improved
performance (Khan, 2021; Lu & Lan, 2013) by delaying flow separation and stall
at high AoA (angle of attack), is most desirable advantage into bio-mimetic MAVs.
In addition, past computational studies (Rees, 1975a; Vargas, 2006; Zhou,
2013) related that the corrugated wing produces higher lift and less drag. The
dragonfly wing experiences a significant amount of bending and twisting during
flight, which will change the aerodynamics and structural response during loading
conditions. The geometry used in this study taken from the sub-costa part of the
dragonfly wing which lies at 40% of the total span in the chordwise direction from
the root of the forewing as shown in Figure 1. The wing cross-section around the
mid-span has various corrugated structures which amplify the performance of the
dragonfly.
Usually, insect wings are considered as a flat pleated shape in various
studies of flight performance for MAVs (Gao & Hu, 2008; Kesel, 2000; Mingallon
& Ramaswamy, 2011). In case of dragonfly, with a pleated corrugated structure,
wings are composed of the membrane set in the form of V-shaped valleys (Barnes,
2013; Okamoto, 1996; Vargas, 2008). Numerous studies asserted that the kind of
mechanism and exemplary smart structure of dragonfly wing can withstand an array
of loads and their combination due to high stability and skinny waxy layer covering
consists of chitin and structural proteins (Ho & New, 2016; Khan, 2020; Menter,
2012; Taylor, 2003).
This work was inspired by the dragonfly wing corrugation located at the
radius part of the branch, nearly 40% of the wing's total span from the root. During
gliding flight, dragonfly wings are considered ultra-light aerofoil due to its welldefined cross-sectional corrugation. A number of researchers, including Broering
(2012), Khan (2020), and Padhy and Khan (2018), have investigated the
aerodynamic benefits. Still, few have investigated the free vibration behaviour of
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the dragonfly corrugated aerofoil and mode shape of the corrugated aerofoil
(Tamai, 2007).
Figure 1
Pleated Corrugated Aerofoil at 40% From the Root of the Forewing

Methodology
Geometric Modeling
The rigid two-dimensional corrugated Profile and traditional aerofoil NACA
0015 is modelled in CATIA V5, as shown in Figure 2. The span is considered as a
unity, and the chord length is 110 mm with 4 mm thickness. However, a study by
Chen and Skote (2016) confirmed that the chordwise variation in the cross-sectional
area has significant importance.
Figure 2
CATIA Design of Corrugated and NACA 0015 Aerofoil

(a)Pleated corrugated aerofoil
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(b) NACA 0015
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Grid Generation
A grid framework is used to maintain a high proximity measure, and wellmaintained aspect ratio cell sizes. A circular computational domain is created for
the corrugated Profile and C- computational domain for the conventional aerofoil
with orthogonality of 0.50. For CFD analysis at inlet portion, velocity components
were set, and the uniform condition is used throughout the surface. The pressure is
equal to free-stream static pressure at the outlet, and on the aerofoil surface, the noslip boundary condition is contemplated. The computational mesh or grid cell is
nearly between 4 x 105 to 5x 105, and the mesh view is shown in Figure 3(a)
Computational grid of corrugated Profile (b) Computational grid of NACA 0015.
Figure 3
Computational Grid of Corrugated Aerofoil and NACA 0015

(a) Mesh Close-up view

(b) Extended view

CFD Simulation Results
Two dimensional CFD simulation carried out to know the flow behaviour
and aerodynamic characteristics of the pleated and profiled aerofoil. The main aim
is to calculate the spatial aerodynamic lift and drag and their coefficients. The highfidelity model is used to figure out the importance of corrugation on the low
Reynolds number MAVs flyer performance having corrugated wing. The
simulation performed at different angle of attack varying from 0° to 12° at two
distant velocities of 10 m/s and 15 m/s.
At 0-degrees AoA and 10 m/s velocity
In this case, we have performed CFD analysis at 0 degrees AoA and a
velocity of 10 m/s, i.e., Re =75000 to calculate the aerodynamic performance
parameters and understand the flow behaviour pleated and traditional aerofoil.
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Figure 4
CFD Results at AoA=0 (degree) (Re =75000)

(a) Pressure contour of corrugated Profile

(c) Velocity contour of corrugated Profile

(e) Streamline of corrugated Profile
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(b) Pressure contour of NACA 0015

(d) Velocity contour of NACA 0015

(f) Streamline of NACA 0015
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(g) Velocity vector of corrugated Profile

(h)Velocity vector of NACA 0015

All the essential aerodynamic parameters are analyzed at 0 degrees AoA as
shown in Figure 4. Figure 4(a) shows that the pressure distribution is high at the
stagnation points. Simultaneously velocity is zero at that stagnation point because
the pressure is inversely proportional to velocity as shown in Figure 4(c) and
pressure is low at the peak of the pleated aerofoil, as there is high velocity on the
upper surface. Also, at the grooves, the adverse pressure gradient is indicating
reversed flow. Since in Figure 4(b) shows that the pressure is maximum for NACA
0015 at the leading edge, it is low compared to the pleated corrugated aerofoil.
Figure 4(g) shows that the velocity vector diagram relates the flow's
streamline pattern, and the vortices are trapped inside the valley of corrugated
aerofoil and delays separation. In contrast, for conventional aerofoil, the flow
passes smoothly over the surface. Figure 5 shows the variant of the force coefficient
concerning the time iterative process.
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Figure 5
Aerodynamic Performance Parameters with respect to Iteration at A0A=0 degree

(a) Cl of corrugated pleated Profile

(c) Cd of corrugated pleated profile

(b)Cl of NACA 0015

(d) Cd of NACA 0015

At 4-degrees AoA and 10 m/s velocity
The AoA is increased from 0 degrees to 4 degrees to observe the variation
in the flow behaviour and change in the aerodynamic performance over the
corrugated aerofoil and profiled aerofoil with increment in angle of attack.
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Figure 6
CFD Results at AoA= 4(degree) (Re =75000)

(a)Pressure plot of corrugated Profile

(b)Pressure plot of NACA 0015

(c) Velocity plot of corrugated Profile

(d) Velocity plot of NACA 0015

(e) Streamline of Corrugated aerofoil

(f) Streamline of NACA 0015
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(g) Velocity vector of corrugated Profile

(h) Velocity vector of NACA 0015

As shown in Figure 6(a) at 4 degrees AoA, i.e., with the increase in
incidence from 0 degrees to 4 degrees, the pressure on the lower surface of
corrugation increases and on the top decreases as the progressive flow on the crest
is higher implies the increase in lift. As lift increases, CL also increases, resulting
in an increment of L/D ratio, which reduces the eddies and vortices. The vortices
are trapped inside the valley and reattaches to the surface or peak delaying flow
separation. Figure 6(b) indicates the pressure variation on the profiled counterpart.
Figure 6(g) showcases the flow is separating at the front edge of the
corrugated aerofoil, leading to circulation, but as we can see because of pleated
design, i.e., in the valleys and peak reversed flow occurs. The flow tries to reattach
to the top facade and leaves the rearmost edge smoothly. As the incidence angle
increases from 0 degrees to 4 degrees, the stagnation point starts shifting to the
bottom of the corrugation front edge and pressure at the front crest is maximum
where the velocity is zero exhibits in Figure 6(c) and 6(d). The performance
iteration curves are shown in Figure7.
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Figure 7
Aerodynamic Performance Parameters with respect to Iteration at A0A=0°

(a) Cl of corrugated Profile

(c) Cd of corrugated profile

(b) Cl of NACA 0015

(d) Cd of NACA 0015

At 8 degrees AoA and 10 m/s velocity
As the angle is increased from 4 degrees to 8 degrees, we observed that the
variation in the flow behaviour over the corrugated aerofoil and profiled aerofoil
changed a lot and the flow separation started occurring at the leading edge of the
NACA 0015, and the lift starts falling from this point for the conventional aerofoil
at low Reynolds number.

Published by Scholarly Commons, 2021

9

International Journal of Aviation, Aeronautics, and Aerospace, Vol. 8 [2021], Iss. 2, Art. 3

Figure 8
CFD Results at AoA= 8 (degree) (Re =75000)

(a)Pressure plot of corrugated Profile

(b) Pressure plot of NACA 0015

(c) Velocity plot of corrugated Profile

(d) Velocity plot of NACA 0015

(e) Velocity vector of the corrugated profile

(f) Velocity vector of NACA 0015

The red dot represents the stagnation point where pressure is higher on the
lower part of the wing, which implies velocity is lower on the sub-surface and
higher velocity on the top side which results in pressure difference, resulting in the
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production of lift as shown in Figures 8(a) and 8(b). But we can observe that in
Figures 8(c) and 8(d) the flow separation started in pleated as-well-as in the
conventional aerofoil. Since high velocity on the facade and zero velocity in the rift
indicate reversed flow due to adverse pressure gradient, vortices formation is shown
in Figures 8(e) and 8(f). Here, the flow is trying to reattach on the corrugated
counterpart compared to NACA 0015 aerofoil. The lower surface flow re-energizes
the upper surface flow delaying flow separation, which gives better L/D ratio. We
know that higher corrugation angle delays the flow separation by ensuring better
L/D ratio.
Figure 9
CFD Results at AoA= 12 (degree) (Re =75000)

(a)Pressure plot of corrugated Profile

(c) Velocity plot of corrugated profile
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(e) Velocity vector of corrugated profile

(f) Velocity vector of NACA 0015

At 12-degrees AoA and 10 m/s velocity
As shown in Figure 9, By increasing angle of attack we understood that as
the drift angle (AoA) increases the performance of corrugation is more effective,
i.e., the L/D ratio goes on increasing as compared to the profiled aerofoil, the
segregation and transition point shift on the upside surface. Due to the design
features the stall is delayed, and the reversed flow reattaches on the upper surface
and leaves the rear edge smoothly without any disturbance as shown in Figure 9(e)
which is not possible in case of flow over the traditional aerofoil as shown in Figure
9(f). Figure 10 represents the iterative curve of performance coefficients.
Figure 10
Aerodynamic Performance Parameters with respect to Iteration at AoA=12
degrees

(a) Cl of corrugated profile
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(c) Cd of corrugated Profile

(d) Cd of NACA 0015

At 0-degrees AoA and 15 m/s velocity
The simulation is executed at a velocity of 15 m/s with differing AoA
from 0 degrees to 12 degrees, keeping the same boundary condition.
Figure 11
CFD Results at AoA= 0 (degrees) (Re =150000)

(a)Pressure plot of corrugated profile
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(c) Velocity plot of corrugated Profile

(e)Velocity vector of corrugated Profile

(d) velocity plot of NACA 0015

(f) Velocity vector of NACA 0015

(g)Enlarged view of velocity vector showing trapped vortices in the valley
As the flow velocity increases from 10 m/s to 15 m/s the randomness, and the
momentum of the flow particles also increases instantaneously. We can observe
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from Figures11(a), and 11(b) that the pressure on the pleated aerofoil goes on
increasing at the leading edge at the stagnation point in comparison to the profiled
aerofoil vice versa for velocity characteristics as represented in Figure 11(c) and
11(d). Since from Figures11(e) and 11(g) we can predict that as the velocity
increases from 10 m/s to 15 m/s the flow is circulating inside the valleys. Flow
reversal is taking place even at 0-degrees AoA which is not at all happening in case
of NACA 0015 as shown in Figure 11(f).
Figure 12
CFD Results at AoA= 4 (degrees) (Re =115000)

(a)Pressure of corrugated Profile

(b) Pressure of NACA 0015

(c) Velocity of corrugated Profile

(d) Velocity of NACA 0015
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(e)Velocity vector of corrugated profile

(f) Velocity vector of NACA 0015

At 4-degrees AoA and 15 m/s velocity
At α=4°, the simulation shows that the pressure profile increases on the
beneath the surface and reduces on the top portion side, as shown in Figures 12(a)
and Figure12 (b). The stagnation point shifts from the upstream leading edge to the
downstream leading edge and zero velocity in the corrugated aerofoil valley, as
shown in Figures 12(c). Figure12(e) shows more transition in the velocity vector
and the intensity of the peak velocities also increases compared to profiled aerofoil,
which is shown in Figure 12 (f).
Figure 13
CFD Results at AoA= 8 (degrees) (Re =115000)

(a) Pressure of corrugated profile
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(c) Velocity plot of corrugated profile

(e)Velocity vector of corrugated profile

(d) Velocity of NACA 0015

(f) Velocity vector of NACA 0015

At 8-degrees AoA and 15 m/s velocity
From Figure 13 shows an increase in the angle of attack from 4° to 8°; the
corrugated aerofoil performs much better. After 8 degrees, the lift started
decreasing, means stall initiated. The split flow requires a high-pressure retrieval
when bubble is formed, the flow reattaches and this reattachment represents the
transition –forcing mechanism. The stagnation point shifts to the bottom of the
corrugated Profile, increasing the pressure difference, which mainly contributes to
the lift production, as shown in Figure13(c) for pleated aerofoil and 13(d) profiled
aerofoil. Near the sub-costa part which is nearly the 40 % of the chord, the flow
behaviour is much acquainted with the change in the angle of attack, and the upper
surface attached flow is going to re-energize the reversed flow and delays
separation as shown in Figure 13(e). In the next simulation phase or process, the
angle of attack is increased from 8 degrees to 12 degrees to observe the change in
aerodynamic lift coefficient and drag coefficient.
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Figure 14
CFD Results at AoA= 12 (degrees) (Re =115000)

(a)Pressure of corrugated Profile

(b) Pressure of NACA 0015

(c) Velocity of corrugated aerofoil

(d) Velocity of NACA 0015

(e)Velocity vector of corrugated Profile

(f) Velocity vector of NACA 0015
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At 12-degrees AoA and 15 m/s velocity
From Figure14, we can predict that as the AoA is increased to 12 degrees,
the stagnation point shifted beneath the crest of the corrugated aerofoil causes flow
circulation and swirl on the top face of the pleated aerofoil and large eddies on the
traditional NACA 0015 aerofoil, the flow separation at the upstream and the
boundary layer also progresses much faster, and the pressure is almost zero on the
camber of the trailing edge profile, as shown in Figure14(a).With increase in angle
of attack, we can observe that the flow is separated at the leading edge and
circulation zone is created on the upper surface of the pleated aerofoil resulting in
the formation of eddies and vortices.
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Published by Scholarly Commons, 2021

0.1

Figure 16 CD vs AoA

19

0.25

12
10
8
6
4
2
0

Pleated
aerofoil
(10 m/s)

0.2
0.15

Pleated
aerofoil
(15 m/s)

CD

L/D

International Journal of Aviation, Aeronautics, and Aerospace, Vol. 8 [2021], Iss. 2, Art. 3

0

5

10

15

0.1

NACA
0015 (10
m/s)

α(AoA)
0.05
Pleated aerofoil( 10 m/s)
0

Pleated aerofoil (15 m/s)

0

NACA 0015 (10 m/s)

0.5

1

CL

NACA
0015 (15
m/s)

NACA 0015 (15m/s)

Figure 17 L/D vs AoA

Figure 18 CD vs CL

1

CL Pleated aerofoil
(10 m/s)

CL , CD

0.8

CL Pleated
aerofoil(15 m/s)

0.6

CL NACA 0015
(10m/s)

0.4

0.2

CL NACA 0015 (15
m/s)

0
0

5

10

15

α (AoA)

CD Pleated aerofoil
(10 m/s)

Figure 19 CD, CL vs AoA
From the above Figure15, we can observe that the coefficient of lift of
corrugated aerofoil is much higher than conventional aerofoil and increasing with
an increase in the angle of attack. From Figure 16, we can say that the coefficient
of drag of Pleated corrugated aerofoil is also increasing with the change in angle of
attack, in contrast, to increase in the lift coefficient. Figure17 represents the
variation of gliding ratio (L/D) concerning the angle of attack. We can see that the
gliding ratio of the pleated corrugated aerofoil is higher at 4 degrees and decreases
at higher angle as compared to traditional NACA 0015 aerofoil, which is the subject
of interest because if the gliding ratio is higher, it means that the aerodynamic
performance of the pleated aerofoil is much better compared to other Profile. But
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the vital thing to note down is that Pleated aerofoil's performance starts decreasing
at a higher angle of attack at high Reynolds number. It means that pleated
corrugated aerofoil is best suited for low Reynolds number flyer. Figure18 shows
the drag polar curve, which is the graph between the drag and coefficients of lift
and mainly talks about the effect of profile drag and induced drag on the corrugated
structure's shape. Figure19 shows the variation of CL, CD with respect to the angle
of attack in a single curve which tells about the given Profile's performance.
Conclusions
The concluding remarks are to understand the outcome of performance
parameters of the bio-mimicked corrugated dragonfly wing cross-section and
conventional NACA0012 aerofoil at two different Reynolds numbers of 75000 and
115000. The CFD simulation prediction is that the pleated corrugated profile
performance is much better than smooth aerofoil at all angle of attack. The
corrugated aerofoil lift-to-drag ratio is higher in between 4 degrees to 8 degrees and
has a maximum gliding ratio that is high compared to the traditional aerofoil model
studied here. The pleated aerofoil design used, bio-mimicked from 'Pantalaflavescens' offers considerably superior and compatible results at the 40% of the
forewing chord. Eventually, we noticed that the CFD analysis solution provides
more insight into the aerodynamic behaviour of the corrugated wing structure and
tells us that the natural design specification plays a vital role in reducing the
formation of wake due to flow breakdown (i.e., adverse pressure gradient) leads to
recirculation zone inside the V-shaped grooves and the flow reattaches to the edge
of next corrugation. Ultimately, concluded that the pleated structure of dragonfly
wing yields better aerodynamic performance at low Reynolds number, i.e., high
L/D ratio and do a favor in decrement of shear drag which is mostly required for
lightweight and structurally stable MAVs and UAVs.
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