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Abstract: A computational fluid dynamics-based study of a corrugated wing section in-
spired by the dragonfly wing was performed for a low Reynolds number (10’000), focusing
on gliding flight. The aerodynamic characteristics are compared to those of a typical techni-
cal aerofoil (NACA 0009). The objective of this study is to develop a simulation tool for
the design and development of corrugated wings for aerospace applications and to gain
a better understanding of the flow over corrugated wing sections. The simulation results
were verified using a convergence study and validated by an angle of attack study and
comparison with experimental results. The results demonstrated the simulations capability
of predicting key flow features but there were some discrepancies from the experimental
observations, mainly the prediction of the critical angle of attack. Overall, the simulation
results demonstrated a comparable, if not better, aerodynamic performance compared to
the technical aerofoil.

Keywords: computational fluid dynamics; lift; drag; pressure; angle of attack; flow visualisation

1. Introduction
The tandem and corrugated wing configuration of dragonflies has been the subject

of extensive research [1], but there is no agreement on how the corrugation affects the
aerodynamic performance [2]. Early wind tunnel experiments [3–5], along with the nu-
merical study of [6], suggests that corrugation has no aerodynamic significance. However,
other wind tunnel experiments [7] and numerical studies [8] of corrugated wings in gliding
conditions suggests an enhanced lift/drag ratio compared to that of a flat plate or technical
aerofoils. Overall, there is a consensus in the literature that corrugated wings provide
structural benefits, allowing for a low mass yet stiff structure [8]; however, the question
remains regarding the aerodynamic benefits. In addition, low Reynolds number effects
remain an active research topic owing to the complexity of the flow physics in the flow
regime considered here, but it has become widely accepted that simple shapes (e.g., a flat
plate) have better aerodynamic performance compared to technical aerofoils, see [9].

The aim of the current research is to use numerical simulations to study the aerody-
namic performance of a dragonfly corrugated wing compared to a standard NACA aerofoil
for a fixed Reynolds number of 10’000. The main motivation is to develop a numerical tool
for the design and development of corrugated wing sections for fixed-wing flying robots
and to gain a better understanding of the flow physics.
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2. Methods
The simulations in this study were carried out using COMSOL Multi-Physics. The cor-

rugated wing geometry considered here is profile 1 from [7], with a chord length of 76 mm
and a flow Reynolds number of 10’000. The wing was placed in a two-dimensional rect-
angular fluid domain where the width was 30 times the chord length and the height was
10 times the chord length. The wing was placed in the middle of the domain with a distance
of 10 times the chord length from the inlet. The following boundary conditions were used:
velocity inlet, pressure outlet, and wall (no-slip).

2.1. Governing Equations

The unsteady Navier–Stokes equations are solved in the following general form [10]
for momentum

ρ
∂u
∂t

+ ρ(u · ∇)u = ∇[−pI + τ] + F (1)

and continuity
∂ρ

∂t
+∇ · (ρu) = 0 (2)

where ρ is the density of the fluid, u is the velocity vector, p is the pressure, τ is the viscous
stress tensor, and F is the volume force vector. To close the equation system, constitutive
relations are needed. For a Newtonian fluid, which has a linear relationship between stress
and strain, the following expression is used:

τ = 2µS − 2
3

µ(∇ · u)I (3)

where µ is the dynamic viscosity of the fluid and S is the strain rate tensor.
The momentum equation is a (nonlinear) convection–diffusion equation. Such equa-

tions can easily become unstable if discretised using the Galerkin finite element method.
Stabilised finite element methods are usually necessary in order to obtain physical solutions.
By default, the following stabilisation techniques are applied: streamline and crosswind
diffusion. The formulation of these techniques is described in [11,12].

2.2. Solver Setup

The default time-dependent solver for Navier–Stokes is the backward differentiation
formula (BDF) method, with the maximum order set to two [10]. The time stepping used
in the analysis is as follows: for the flow start up (0–3.4 s), a time step of 0.2 s was used to
speed up the simulation before decreasing the time step to 0.02 s for the remainder of the
simulation (3.5–7 s).

3. Results and Analysis
3.1. Verification and Validation

A grid convergence study for a total of eight grids from coarse to fine was used for
the verification of the model, where the lift and drag coefficients were calculated using
the standard formulae from the lift (L) and drag (D) forces, inlet velocity (u), and chord
length (Lc):

Cl =
L

0.5ρu2Lc
(4)

Cd =
D

0.5ρu2Lc
(5)
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The results shown in Table 1 only show the three finest grids where the finest model
(149,886 degrees of freedom) was used in this work. The purpose of the verification is to
ensure that the minimum grid requirements and convergence criteria are met.

Table 1. Verification results, where DoF is the degrees of freedom, E is the difference between each
successive solution, and R is the convergence ratio.

DoF Cl Cd ECl ECd RCl RCd

40,971 −0.152 0.091

68,137 −0.122 0.083 0.03 −0.008

149,886 −0.121 0.111 0.001 0.028 0.033 −3.5

Here, the convergence ratio was used as the criteria, which is estimated using the
following relation:

R =
E3−2

E2−1
(6)

where the subscript donates the refinement level; for example, E3−2 is the difference
between grid 3 and grid 2. The criterium applied here is that the magnitude of R should
be below 1. The results show that the lift coefficient meets this criteria (0.03), while the
drag coefficient does not (−3.5). This implies oscillatory divergence of the drag coefficient
solution. Nevertheless, the value predicted in Table 2 is very close to the experimental value.

The model validation was conducted using an angle of attack (AoA) study for the
range shown in Table 2. The results demonstrate the capability of the model in predicting
the lift and drag coefficients with reasonable accuracy for most cases compared to the results
from [7]. However, a few discrepancies were observed, mainly for a 5, 15, and 20 angle of
attack. This could be due to the discrepancy in the setup of experiment and simulation
(channel height is smaller in the experiment), the time averaging used to obtain the results,
and/or the ability to predict flow transition characteristics. As a result, the model was not
able to predict the critical angle of attack accurately, as show in Figure 1.

Table 2. Validation results for the lift and drag coefficients compared to the experiments of [7].

AoA Cl Cl (Exp) ∆Cl % Cd Cd (Exp) ∆Cd %
0 −0.126 −0.130 3.40 0.130 0.130 0.21

5 0.368 0.402 8.60 0.138 0.086 37.81

10 0.838 0.940 10.90 0.204 0.202 1.10

15 1.213 0.903 25.54 0.318 0.292 8.13

20 1.289 0.935 27.48 0.446 0.392 12.22

30 1.296 1.183 8.72 0.738 0.729 1.13

40 1.329 1.357 2.04 1.081 1.167 7.93

Overall, the model was capable of predicting the following key observations from
experiment [7]: the negative lift generated at 0 angle of attack, and that there is no decrease
in lift generation beyond a 20 degree angle of attack, which is typical in flows with a higher
Reynolds number.

3.2. Angle of Attack Study

Here, we compare the results from the simulations of the corrugated wing and the
NACA 0009 aerofoil. The angle-of-attack study, see Figure 1, shows little difference in the
shape of the lift and drag coefficient curves.
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Figure 1. Angle of attack study for the corrugated wing (DF) compared to the NACA0009 aero-
foil (N9).

This suggests that despite the non-streamline shape of the corrugated wing profile, its
performance is comparable to that of a technical aerofoil. Moreover, our simulation results
show a slight increase in Cl at a higher angle of attack compared to that of the NACA
aerofoil. Similar observations were made in [8] for a slightly different corrugated profile.
Another interesting observation was the reduction in skin friction drag compared to the
technical aerofoil. The skin friction coefficient was calculated using the following equation:

C f =
τw

0.5ρu2L
(7)

where τw is the wall shear stress, u is the inlet velocity, and L is the chord length. A compar-
ison between the corrugated wing and the NACA0009 aerofoil, see Table 3, demonstrates
the substantial reduction in the skin friction coefficient.

Table 3. Comparison of the skin friction coefficient between the corrugated wing and the NACA
0009 aerofoil.

AoA Corrugated Aerofoil

30 0.0067 0.0118

10 0.0084 0.0311

0 0.0157 0.0360

Our analysis suggest that this is due to the local flow recirculation in the corrugated
sections of the wing. These flow structures are presented in the next section.

3.2.1. Angle of Attack = 0 Degrees

The flow around the corrugated section is visualised using velocity streamlines. Here,
we observe quasi-steady local recirculation regions on the upper and lower surfaces of the
wing section, see Figure 2.
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(a) (b)

Figure 2. velocity streamlines at AoA = 0 degree for (a) Time step = 6 s (b) Time step = 6.3 s.

As a result, these recirculation regions act as a buffer between the wing surface and
the freestream that reduces the skin friction drag over the body. A similar observation is
reported in [8]. In addition, these recirculation regions indicate flow separation and the
onset of a von Karman vortex street.

3.2.2. Angle of Attack = 10 Degrees

A steady leading-edge vortex is observed at this angle of attack with quasi-steady
recirculation at the lower surfaces and rolling vorticies on the upper surface, see Figure 3.

(a) (b)

Figure 3. Velocity streamlines at AoA = 10 degrees for (a) time step = 6.6 s and (b) time step = 6.7 s.

The vortex shedding at the trailing edge is more pronounced with a wider vortex
street. It was observed here that the leading edge vortex influences the dynamics of the
rolling vortices, which in turn affects the vortex shedding.

3.2.3. Angle of Attack = 30 Degrees

Here, we observe a twin vortex system at the leading edge with large rolling vortices
on the upper surface and quasi-steady recirculation on the lower surface, see Figure 4.

(a) (b)

Figure 4. Velocity streamlines at AoA = 30 degrees for (a) time step = 6.46 s and (b) time step = 6.6 s.

The vortex dynamics are dominated by the interaction between the leading and
trailing-edge vortices. The interaction of the large vortical structures that are formed on the
upper surface results in a very wide vortex street.

A key observation that was made from the angle-of-attack study is that the corrugation
plays an important role in controlling the size and interaction of the recirculating and rolling
eddies formed over the wing surface. The large laminar separation bubble that dominates
the flow over the NACA aerofoil at this Reynolds number [9] is essentially trapped in the
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corrugated section of the wing. This in turn makes the boundary layer more energetic,
reducing the adverse effects of flow separation.

3.3. Pressure Distribution

A comparison of the pressure distribution at a 10 degree angle of attack is plotted in
Figure 5. The distribution over the NACA aerofoil matches the theoretical expectations
and measurements from [13], where the profile is smooth with a large pressure gradient
at the leading edge, and there is almost zero pressure at the trailing edge. By comparison,
the profile over the corrugated wing is irregular. The upper surface is close to the aerofoil
distribution, but the lower surface shows localised acceleration/deceleration of the flow
caused by the rolling vortices. In addition, the stagnation pressure region at the leading
edge extends to approximately 20% of the chord length over the corrugated wing.

Figure 5. Pressure distribution over the corrugated wing (DF) compared to NACA 0009 (N9) aerofoil
at AoA = 10 deg and measurements for a typical aerofoil reported in [13].

These observations suggest that the corrugated wing produces a more favourable
pressure gradient compared to the technical aerofoil.

4. Conclusions
In this work, we have developed a numerical application based on the finite element

method to simulate the flow over a corrugated wing. This was verified by calculating the
convergence ratio from three different grids. Validation was conducted using an angle-of-
attack study and comparison with experimental results. The results show that the model
was not capable of predicting the critical angle of attack accurately. However, it was capable
of capturing key flow features, which included the negative lift at zero angle of attack
and the stall delay at angles of attack larger than 20 degrees.

The flow visualisations provide insight into the reduction in skin friction drag observed
for the corrugated wing compared to the NACA0009 aerofoil. A comparison of the pressure
distribution suggests localised acceleration/deceleration of the flow over the corrugated
wing and the stagnation pressure extends to approximately 20% of the chord length from
the leading edge.

In conclusion, the developed application is capable of simulating the flow physics
with reasonable accuracy. The application is particularly useful for conducting rapid
design studies, which in the future will be used to extend our analysis to the full range
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of dragonfly profiles outlined in [7] to enhance our understanding of the flow features
over the various corrugated profiles and apply them to the design and development of
fixed-wing flying robots.
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