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Abstract: This study is intended to understand the fluid flow behaviour of a bio inspired corrugated
wing obtained from the mid span of the dragonfly wing with different peak shapes of the corrugations.
The aerodynamic effect due to variation of the shape of the first peak is studied with triangular and a
curved peak shapes. The coordinates of the corrugated wing of the dragonfly were obtained from the
existing literature and scaled up 1:50 to do the computational work on it. The corrugated wing was
modeled by using a modeling software, the meshing was done by using ICEMCFD with a rectangular
block meshing and simulated in Ansys Fluent software at 35000 Reynolds number and angles of attack
ranging from 4° to 12°. The k-¢ turbulence modeling was deployed to capture turbulence in the tested
domain. The boundary conditions and size of the domain were selected as per available experimental
wind tunnel setup. The flow characteristics like pressure and velocity of the triangular and curved peaks
were obtained computationally and compared with each other having same geometrical parameters.
The simulated results showed that the curved peak performed aerodynamically better than the
triangular peak. The leading edge vortices were observed in both models trapped in the trough of the
first valley with some different intensity. The validation of the computational flow results was done by
existing experimental flow visualization in a wind tunnel and both results agree with each other.

Key Words: Corrugated wing, Leading edge vortices, k-¢ turbulence modeling, Bio-inspired
corrugation, Smoke flow visualization

1. INTRODUCTION

All the insects” wings of natural low Reynolds number (Re) fliers are not smooth even if the
wings have well defined and fine-tuned pleats which were optimized after millions of years of
their evolution. These pleats are called corrugations and can be found on many fliers like
dragonflies, hoverflies, etc and aquatic animals like crocodiles and sharks, etc. Most of the
insects have mainly two types of flight modes; the first one is the more dominated flapping
mode and the second one is the gliding mode used to preserve the energy. The dragonfly is
one of the unique insects, which can perform considerably high maneuvers, sharp climbs and
hover in all unfavorable climatic conditions. The dragonfly (Pantala flavescen) is able to aloft
for 10-15 seconds at a speed about 15 ms? [1]. Another dragonfly Aeshna genus is able to
glide for 30 seconds without appreciable loss in altitude [2]. Another study on Nannophya
pygmaea (Anisoptera: Libellulidae) found that the gliding endurance can last for 0.5 seconds,
with range of 1m and sinking rate of 2.5 ms™ [3]. The typical range of Re for dragonfly vary
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from 100 to 10000 [3]. However, the micro aerial vehicles (MAVSs) can fly with a maximum
speed of 15 ms™ with a maximum span of 0.15 m, which gives the maximum Re 10°.

The wings of the dragonfly are well-defined and tuned corrugations, where the
corrugation patterns vary in both spanwise and chordwise direction [4]. The mechanical
properties of the wing structure vary throughout the wing and the factors which affect these
properties are the depth of the pleat, peak shapes, and rigidity of the cross veins [5].
Experimental analysis of the corrugated wings of the dragonfly were conducted and concluded
that the corrugation on the wing does not improve significantly the aerodynamic performance
[6]1, [7], [8]. [9], [10]. However, Rudolph [10] has shown that the pleats are able to delay the
flow separation and improve in stall angle considerably. The aerodynamic lift of the pleated
airfoil was found better than the conventional airfoil at Re 1500 [11]. A filming test also shown
the lift coefficient enhancement from 0.93 to 1.07 due to pleats of the dragonfly wings during
glide at Re 700 and 2400 [12], [13] and [14]. A wind tunnel study was performed at Re 1.1x10*
and 1.5x10* to understand the effect of camber, maximum thickness and leading edge
sharpness and concluded that the sharper leading edge performed better [15]. A flow
visualization study [16] notices that the leading edge vortices (LEV) were trapped and play a
major role in changing the effective profile and concluded that the pleats present in the
dragonfly wing preserve the trapped vortices in the valley, which makes the pleats to behave
like a profiled airfoil. Computational studies [17], and [18] have demonstrated a better
aerodynamic performance of the corrugated airfoil than the profiled one in gliding condition
at low Re. Few recent studies [19], [20], [21] have measured the boundary layers
experimentally and numerically and observed that pleats of the wing delay the stall and flow
separation, significantly. The boundary layers of the pleated wing were found thinner than the
tested flat plate of the same geometric and flow conditions.

There are numerous studies about computational and experimental flow visualization over
the dragonfly wings which showed the existence of LEVs on the upper surface of the wings
[22], [23], [24], [25]. Some more studies were performed to understand the aerodynamic
behaviour of bio-inspired corrugated wing with different Re [26], [27], [28] and observed that
the bio inspired wings produce a better aerodynamic performance at low Re regimes. The
parametric study by Levy and Seifert [29], [30] & [31] have shown that the variation of the
wing geometry, affected the aerodynamic behaviour of the wing.

In this paper, the aerodynamic characteristics and fluid flow behavior of the dragonfly
forewing mid span are carried out at the Re 35000 by altering the first peak shape. The “profile
2” from the Kesel [16] is taken as baseline triangular first peak with horizontal orientation of
the leading edge. The Re of 35000 was selected as the micro aerial vehicles (MAVs) fly in this
range. The aim of this study is to assess the aerodynamic performance of the curved first peak
(model 2) of a corrugated airfoil and to compare it with the triangular first peak (model 1) from
[16]. This study is intended to assess the possibility of using these types of wings in future
micro aerial vehicles wings.

2. METHODOLOGY
2.1 Governing Equations

The equations governing the flow in the numerical solver are the steady, viscous
incompressible Navier—Stokes equations. The non-dimensional momentum and continuity
equations are as follows:
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The equations are non-dimensionalized with the appropriate length and velocity scales, in
this case the airfoil chord and free stream velocity. Here Re corresponds to the Reynolds
number which is defined as:

Re = (3)

The important aerodynamic characteristics examined are the lift coefficient (C.), drag
coefficient (Cp) and the gliding ratio which are defined as:
Lift Coefficient is given by

R T @
Drag Coefficient is given by
€= ©)
0.5pus,c
Gliding Ratio:
C
G= é ©)

2.2 Numerical Modeling
2.2.1. Airfoil Geometries

A corrugated airfoil with triangular first peak known as model 1 as shown in Fig. 1 and another
corrugated airfoil with curved first peak with radius 1 mm known as model 2 as shown in Fig.
2, were modeled using ANSYS workbench software with suitable co-ordinates to test their
performance in gliding flight. The chord length of both profiles was taken the same, 52 mm.
These two different types of models were computationally evaluated and compared with each
other. Both models have the same geometric parameters except for the shape of the first peak
i.e. model 1 has a triangular peak and model 2 has a curved peak of 1 mm radius.

triangular peak
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Figure 1. Geometry of corrugated airfoil with triangular first peak [16]: model 1
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Figure 2. Geometry of corrugated airfoil with curved first peak [20]: model 2
2.2.2 Computational grid and boundary conditions

Computational grid used for the simulations is shown in Fig. 3. The free stream velocity, and
the static pressure are prescribed at the inlet.

The distance between the top and the bottom boundaries is taken as 600 mm which is the
width of the wind tunnel where the physical models are being tested. ICEMCFD is used for
meshing the grid.

Blocking structured meshing technique is used for generating a structured mesh suitable
for these cases.

A grid convergence test is carried out on one of the corrugated models i.e., model 1 to fix
the smallest element size near the airfoil wall as well as the total number of elements required.

The geometric model is shown in Fig. 1 upon which the grid independence test is carried
out. Results show convergences for boundary element size of 0.5 mm and below near the
airfoil boundary.

The solution convergence of the simulation of a corrugated profile is shown in Fig. 5 and
the mesh independence or grid convergence results are plotted in Fig. 6.

Figure 3. Computational Grid on triangular peak model 1 corrugated airfoil
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Figure 4. Computational domain of triangular peak model 1 airfoil
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Figure 5. Convergence test for curved peak wing model 1 at 4 degree AOA
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Mesh convergence study
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Figure 6. Mesh convergence/ grid convergence study
2.2.3 Mesh skewness and aspect ratio test

Skewness is one of the primary quality measures for a mesh. According to the definition of
skewness, a value of 0 (zero) indicates an equilateral cell (best) and value 1 (one) indicates a
completely degenerate cell (worst). Figure 7 shows the skewness of meshes which falls within
the limits from 0.7 to 1.

The mesh orthogonality test which involves the angle between the vector that joins two
mesh nodes and the normal vector for each integration point surface (n) associated with that
edge. Figure 8 shows the result and it is also within the limits.

The cell aspect ratio is shown in figure 9 and it ranges from 1 to 40. The limit is an
acceptable range for the simulation of the Ansys result.

Eriksson Skewness

Figure 8. Mesh orthogonality test
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Figure 9. Mesh aspect ratio test
2.2.4 Flow solver

Commercially available ANSYS Fluent R15.0 is used to solve the above equations. The solver
used is based on collocated methodology. It uses finite volume discretization technique to
solve the equations. Gradients are calculated using Green-Gauss cell based methodology
proposed by Holmes and Connel [32] and Rauch et al. [33].

Convection terms in the momentum equation are discretized using the second order
upwind methodology.

In the second order upwind, quantities at cell faces are computed using a multi-
dimensional linear reconstruction approach proposed by Barth and Jespersen [34]. The
solution convergence criterion for the tested CFD models is a maximum residual of 10°.

3. RESULTS AND DISCUSSIONS

3.1 Analysis of the velocity contours

The velocity contours obtained from CFD simulations of the corrugated triangular peak airfoil
(model 1) and corrugated curved peak airfoil (model 2) of the chord Reynolds number 35000
and angles of attack (AOA) ranging from -4° to 12° are shown in figure 10 below.

The velocity contours of model 1 and model 2 at all simulated AOA were found almost
equal and there is no significant variation in velocity contours at -4 AOA. However, at higher
AOA, a significant velocity variation is observed in corrugated peak airfoil model 2.

High velocity is observed as and when flow touches the peak of the first corrugation. At
AOA -4° the velocity at lower surface is higher in both models which show the negative lift
and in agreement with the theory of lift.

At all positive AOA (0° to 12°), the velocity of the upper surface of the airfoil is
significantly higher in both models.

However, in curved peak model 2, the velocity gradient is much higher than the triangular
peak model 1 and also the area of the velocity difference in model 2 is significantly greater
than for model 1.

The velocity accelerates due to sharp edge of the peak of corrugation. It is also found that
in case of model 2, the boundary layers are much smaller than in case of model 1 so the flow
of model 2 airfoil will separate after model 1.

3.2 Analysis of velocity vectors and vortices

The flow pattern of the triangular peak airfoil model 1 shows that the leading edge vortex
(LEV) is trapped inside the valley with low velocity clockwise flow (Fig. 11). However, the
LEV is not observed in curved peak model 2 as shown in figure 12.

This is due to non existence of the sharpness of the peak in this model. The velocity vortex
core of model 1 is found and shown in figure 13, the first valley velocity vortex core is zoomed
and shown in figure 14.
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By observing figure 14, it is clear that the vortex is formed in the first valley with
clockwise circulation and also boundary layers were present near the surface of the
corrugation. By observing the boundary layers, the velocity gradient (du/dy) near the bottom
of the valley is much more than in the top of the valley.

Corrugated triangular peak airfoil (model 1) Corrugated curved peak airfoil (model 2)

At angle of attack -4 degree At angle of attack -4 degree

At angle of attack 0 degree At angle of attack 0 degree

At angle of attack 4 degree At angle of attack 4 degree

At angle of attack 8 degree At angle of attack 8 degree
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At angle of attack 12 degree At angle of attack 12 degree
Figure 10. Velocity contours at different angles of attack at Re 35000

Figure 11. Velocity vector of traingular peak airfoil model 1 at 4 AOA and Re 35000

BATe1 { : R e R ;
TAIeOE . ) R e X ; e

Figure 12. Velocity vector of curved peak airfoil model 2 at 4 degree AOA and Re 35000
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Figurel3. Vortex core region of model 1 at 4 degree AOA and Re 35000
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Figure 14. Zoomed view of vortex core of model 1at 4 degree AOA and Re 35000

3.3 Aerodynamic force analysis

The aerodynamic parameters such as lift force, drag force and aerodynamic performance
parameters (L/D ratio) of the triangular peak model 1 and curved peak model 2 were obtained
by simulation and the values of these parameters are shown in table 1 and 2, respectively. The
plots of the aerodynamic forces like lift and drag against angles of attack and aerodynamic
performance (L/D) against angles of attack are shown in Figure 15 and 16 respectively. The
lift and drag of model 1 is higher than the model 2 upto 6 degree AOA. Above 6 degree AOA,
the lift and drag of model 2 is increased more than the model 1. The aerodynamic performance
of model 2 is found 4.5% higher than for model 1 at 4°AoA. This angle of attack (4 degree) is
best suited for gliding of the model 2 wing, which gives low sink rate with high range and
endurance.

Table 1. Aerodynamic Lift and Drag of model 1

S.No AoA Lift (N) Drag (N) L/D
1 -4 -0.73729 0.3115 -2.366
0 0.792455 0.2757 2.8736
4 2.19238 0.3144 6.9723
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4 8 2.86312 0.4462 6.4158
5 12 3.122 0.6199 5.0362

Table 2. Aerodynamic Lift and Drag of model 2

S. No AoA Lift (N) Drag (N) L/D
1 -4 -0.72714 0.5261 -1.3821
2 0 0.8065 0.2396 3.4036
3 4 2.0376 0.2791 7.3006
4 8 2.9723 0.50162 5.9254
5 12 3.2175 0.7871 4.0875

Aerodvnamic force analysis

—Lift (model 1)

Force (N)

—-=Lift (model 2)
e Drag (model 1)

— Drag (model 2)

0 2 4 6 8 10 12 14
Angle of Attack (AoA) in degrees

Figurel5. Aerodynamic forces verses AOA at Re 35000 of model 1 and model 2
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Figure 16. Comparison of Aerodynamic of model 1 and model 2

3.4 Validation of computational work

The present simulated velocity vortex core contour of the triangular peak model 1 is compared
with the experimental work of Tamai et al. [22]. Tamai et al. [22] used the PIV measurement
technique to measure the instant velocity and vortex core as shown in figure 17 (b). Present
computational vortex core is shown in figure 17 (a). Both works are compared at 8 degree
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AOA and Re 35000. Both figures show the LEVs in first and second corrugated valleys and
also the high velocity range expands upto 40% of the chord length. The results of figure 17 (a)
and (b) agreed with each other and the flow results are pretty close to each other. The present
computational work which is undertaken at Re 35000 to find aerodynamic force coefficients
(CL and Cp) is compared with the experimental work of Kesel, 2000 [20], which was
conducted at Re 10000. The present computational results are very close to the experimental
work of Kesel with 10% over pridicteded as shown in Fig. 18. It may be due to differfent tested
Reynolds number of the present computational work which was performed at 35000 while
Kesel’s work was done at Re 10000.

4. CONCLUSIONS

The velocity contours for both models are almost the equal at low angles of attack. The high
velocity on upper surface of the model 2 increases more than the model 1 in higher angles of
attack (> 4 degree). So the lift forces of model 2 are 3% higher than in case of model 1 at
higher AOA (> 4 degree). The aerodynamic performance of the curved peaked wing (model
2) is found to be higher by 4.5% as compared to the triangular peaked (model 1) at lower angle
of attack (< 4°). Above 4° AOA, the triangular peak model 1, performed better than the curved
peaked model 2. The higher value of L/D ratio gives better gliding capability, high range and
endurance and better sink rate of the corrugated wing with curved peak at low AOA (< 4°).
The velocity and pressure contours showed no substantial difference in the flow behavior. The
contours also showed that the leading edge velocity varies as the angles of attack increases,
which tends to vary the pitching moments. Hence, the curved peak (model 2) is found better
at the cruise condition of the flying.

Figure 17. (a) Computational velocity vortex core of present work, (b) PIV measurement at 8 degree angle of
attack at Re 35000 [22]
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Figure 18. Validation of CL and Cp with result of Kesel [16]
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