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Abstract: In this study, two-dimensional (2D) and three-dimensional (3D) numerical calculations
were conducted to investigate the aerodynamic characteristics, especially the unsteady aerodynamic
characteristics and attitude stability of a bio-inspired corrugated airfoil compared with a
smooth-surfaced airfoil (NACA2408 airfoil) at the chord Reynolds number of 4000 to explore the
potential applications of non-traditional, corrugated dragonfly airfoils for micro air vehicles (MAVs)
or micro-sized unmanned aerial vehicles (UAVs) designs. Two problem settings were applied to
our numerical calculations. First, the airfoil was fixed at a constant angle of attack to analyze the
aerodynamic characteristics and the hydrodynamic moment. Second, the angle of attack of airfoils
was passively changed by the fluid force to analyze the attitude stability. The current numerical solver
for the flow field around an unsteady rotating airfoil was validated against the published numerical
data. It was confirmed that the corrugated airfoil performs (in terms of the lift-to-drag ratio) much
better than the profiled NACA2408 airfoil at low Reynolds number Re = 4000 in low angle of attack
range of 0◦–6◦, and performs as well at the angle of attack of 6◦ or more. At these low angles of
attack, the corrugated airfoil experiences an increase in the pressure drag and decrease in shear
drag due to recirculation zones inside the cavities formed by the pleats. Furthermore, the increase
in the lift for the corrugated airfoil is due to the negative pressure produced at the valleys. It was
found that the lift and drag in the 2D numerical calculation are strong fluctuating at a high angle
of attacks. However, in 3D simulation, especially for a 3D corrugated airfoil with unevenness in
the spanwise direction, smaller fluctuations and the smaller average value in the lift and drag were
obtained than the results in 2D calculations. It was found that a 3D wing with irregularities in the
spanwise direction could promote three-dimensional flow and can suppress lift fluctuations even at
high angles of attack. For the attitude stability, the corrugated airfoil is statically more unstable near
the angle of attack of 0◦, has a narrower static stable range of the angle of attack, and has a larger
amplitude of fluctuations of the angle of attack compared with the profiled NACA2408 airfoil. Based
on the Routh–Hurwitz stability criterion, it was confirmed that the control systems of the angle of
attack passively changed by the fluid force for both two airfoils are unstable systems.
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1. Introduction

For the flow around the wings or airfoils, experiments using wind tunnels and numerical
simulations have been extensively conducted. In particular, with the increase in speed and size
of aircraft, there are many studies in the high Reynolds number range with Reynolds number of 106

or more, where Reynolds number (Re) is based on flight velocity and airfoil chord length. On the
other hand, in recent years, micro-sized unmanned aerial vehicles (UAVs) or micro air vehicles (MAVs)
have been widely used in various places such as performing tasks in confined spaces or in hazardous
environments, being a sensor for disaster investigation and photography, and payload delivery
services [1–3]. A most recent investigation showed that the greenhouse emissions resulted from the
freight industry might be significantly reduced by UAVs and MAVs delivery [4]. However, the flow
field and aerodynamic characteristics around the airfoils of MAVs or UAVs are significantly different
from those of large passenger aircraft because of the low Reynolds number region (Re ≤ 104). In the
high Reynolds number range, the inertial force is dominant and the disordered vortex is generated
and the flow becomes unstable. In the low Reynolds number range, the viscous force is dominant,
and the flow is smooth and stable. As a result, the aerodynamic performance of a streamlined airfoil
optimized for traditional macro-scale aircraft at high Reynolds number would degrade significantly
when Reynolds number is reduced for the MAVs or UAVs [5–7]. Therefore, there is an important need
to redesign the conventional streamlines airfoil for the application of MAVs or UAVs to achieve better
aerodynamic performance in low Reynolds number range.

It has been found that the typical Reynolds number of dragonflies can range from 100 to 10000
and can be classified as low Reynolds number flow regime [8]. There are flapping and gliding flight
modes for the dragonfly, and they fly in combination [9]. Flapping is used by many insects and allows
them to move forward, climb and hover. However, flapping requires a lot of energy, so it cannot last
for a long time, and gliding flight is an advantageous flight mode as it requires virtually no effort
from the dragonfly [10]. Of all the natural fliers, dragonflies stand out for its efficient gliding flight,
that is, they are capable of gliding for 40 chords and up to 30 s without any appreciable loss in altitude
with a single flapping [11]. Unlike other bio-inspired airfoil cross-sections, which are simple and
smooth cambered surfaces, dragonfly wing’s cross-section is found to be a corrugated surface. Many
investigations have been performed to study this kind of wings. According to traditional airfoil
design principles for high Reynolds number, the corrugated wing will have very poor aerodynamic
performance, that is, high drag and low lift. However, several investigations showed that corrugated
dragonfly wings would perform as well as and sometimes better than smooth technical airfoils in the
low Reynolds number regime in which a dragonfly often flies [9,12–18]

Several hypotheses have been developed to show the underlying mechanism of the unexpected
improvement in the aerodynamic performance of the corrugated dragonfly airfoils/wings over
conventional smooth airfoils. Rees [10] and Rudolph [12] showed that the corrugated airfoil can
function as a streamlined airfoil since the fluid flow will be trapped between the corrugation valleys
through the formation of stagnancy or rotation when it is passing the corrugated airfoil. Newman
et al. found that the improved performance can be associated with the earlier reattachment of the
flow separation on the corrugated airfoil. As the angle of attack increase, the separated flow from the
leading edge forms a separation bubble. The separated flow reattaches sooner due to the corrugations
compared with the smooth airfoils. Meanwhile, Rudolph [12] suggested that corrugations can delay the
flow separation near the leading edge of the corrugated airfoil at higher angles of attack. Kesel et al. [9]
found that the negative pressure that produced at the valleys of the corrugated airfoil is the key cause
of the improvement of lift. Despite different explanations about the underlying mechanism for the
improved aerodynamic performance, the studies unanimously agree that the corrugated dragonfly
wings work well in low Reynolds number regimes, which naturally points to the potential applications
of employing such bio-inspired airfoils/wings in UAVs or MAVs.

On the other hand, the size of MAVs or UAVs is increasingly smaller and lends them to low
altitude, close-in support operations. Low altitude flights pose a challenging operational environment
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for MAVs/UAVs [19–21]. One particular challenge is ensuring sufficient attitude ability in the presence
of significant turbulence [19,22]. It should be noted that there are many experimental and numerical
investigations on the aerodynamic performance of the corrugated dragonfly airfoils/wings, while few
studies have so far been conducted to investigate the unsteady aerodynamic characteristics and the
attitude stability of the corrugated airfoils. Meanwhile, the corrugated wings can be treated as elastic
bodies rather than only rigid bodies. In fact, the natural corrugated wings of dragonflies are produced
by an elastic film and rigid rod. When gilding, the wings will twist around the spanwise direction
axis due to the fluid force on the wing surface. Therefore, the attitude of the corrugated airfoil is
also changed for the elastic wings due to the hydrodynamic moment on the corrugated airfoil. Then,
the lift and drag of the elastic wings are changed compared with that of the rigid wings due to the
deformation wings (in terms of changing the attitude of the corrugated airfoils). However, studies on
the hydrodynamic moment and attitude stability of the corrugated airfoils are even fewer. From the
above considerations and reasons, it is therefore necessary and important to investigate the unsteady
aerodynamic characteristics, hydrodynamic moment and attitude stability of the corrugated dragonfly
airfoil for MAVs or UAVs applications.

In this study, two-dimensional and three-dimensional numerical simulations were conducted
to investigate the aerodynamic characteristics, especially the unsteady aerodynamic characteristics
and attitude stability, of a bio-inspired corrugated airfoil compared with a smooth-surfaced airfoil
(NACA2408 airfoil) at the chord Reynolds number of 4000 to explore the potential applications of
non-traditional, corrugated dragonfly airfoils for small MAVs or UAVs designs. The current numerical
solver for the flow field around an unsteady rotating airfoil when the angle of attack is passively
changed by the fluid force was validated in comparison with the published numerical data. The
aerodynamic characteristics of the corrugated airfoil and smooth-surfaced airfoil were compared. In
particular, the unsteady behaviors of lift coefficient and drag coefficient for both two kinds of airfoils
depending on the angle of attack were considered. The effect of three-dimensional simulation on
suppressing the fluctuation of the lift coefficient and drag coefficient was investigated. To evaluate the
attitude stability, the hydrodynamic moments of the airfoil and the vibration of the angle of attack as
the angle of attack was passively changed by fluid force were studied. The destabilization of the attack
angle of the corrugated airfoil and smooth-surfaced airfoil was also studied by modeling the motion
of a rotationally supported airfoil that receives fluid force and using the Routh–Hurwitz stability
criterion.

2. Numerical Method

In this study, two problem settings were applied. In the first, the airfoil was fixed at a constant
angle of attack to analyze the unsteady aerodynamics of the corrugated airfoil and smooth-surfaced
airfoil. In the second, to consider the influence of the fluid force acting on the airfoil surface, the angle
of attack of airfoils was passively changed by the fluid force to analyze the attitude stability. When the
case of the angle of attack was passively changed by the fluid force, a moving grid technical adapted
to the surface of airfoils was used.

The basic equations are the continuity equation and the Arbitrary Lagrangian-Eulerian (ALE)
form Navier–Stokes equation for an incompressible Newtonian fluid. The density and viscosity of
flow are assumed to be constant. All variables are non-dimensionalized by chord length L and the
mainstream velocity Uuni. General curvilinear coordinates (ξ, η, ς) were used for all computations due
to applying the boundary-fitted-grid. Thus, the governing equations can be written as:
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where xi represents the Cartesian coordinate component, ξk is the general coordinate component, J is
the Jacobian of the coordinate transformation, ui is the velocity component in the general coordinate,
Uk is the contravariant velocity component, Uk is the moving speed component of the grid point in
the general coordinate, p is the pressure, and Re is the Reynolds number (as in ρUuniL/ν, where ν

is molecular viscosity). For the case of the angle of attack is passively changed by the fluid force,
the angle-of-attack variation due to the fluid force is expressed by the following equation of motion in
the pitching direction:

− d2α

dt2 =
1
2

u2
uniS (CM − CM0) , (3)

where I, CM, and CM0 are the inertia moment and the moment coefficient of the force in the pitching
direction applied to the airfoil at the midpoint of the upper and lower airfoil surfaces with a chord
length of 25% from the airfoil leading edge, S is the effective area, and α is the angle of attack, which is
opposite to the direction defined by the moment M of the fluid force. Thus, a negative sign is used on
the left-hand side of Equation (3).

The non-dimensionalized governing equations are discretized employing a cell-centered,
collocated arrangement where all physical variables are located at the cell center and the contravariant
components are located at the cell-face center. A fourth-order central finite-difference discretization
scheme was used for discretizing the space. The fractional method was selected for coupling the
continuity equation and the pressure field [23]. In the numerical calculation of the Navier–Stakes
equation, the second-order Adams–Bashforth method was used for the time evolution of the convective
terms, while the viscous terms were discretized with the second-order Crank–Nicolson method. which
eliminates the viscous stability constraint. The backward Euler method was used on the pressure term.
A Neumann boundary condition was conducted on the pressure correction step at all boundaries.
The Poisson equation, being the most time-consuming part for calculation of the incompressible flow,
was solved with the residual cutting method [24], which employs a Gauss–Seidel line-SOR (successive
over-relaxation) smoother. The present numerical method and computer program have been tested
extensively in several turbulent flows [25–27]. For the case when the angle of attack was passively
changed by the fluid force, the Runge–Kutta method with second-order accuracy was employed for
the time evolution of Equation (3).

3. Computational Setup

In the numerical calculation, a corrugated airfoil that models the front cross-section of an actual
dragonfly was used, and its shape is shown in Figure 1. The bent shape was measured by other
researchers [9,28] as a cross-section of the center part of the forehead of the dragonfly wing. The ratio
of τ/L was about 7.5% and the thickness of the corrugated airfoil was about 1% of the chord length.
For the sake of convenience of calculation, the leading and trailing edges were sharp. In addition, for
comparison with the corrugated airfoil, NACA2408 airfoil (see Figure 2) was selected from the results
of mean streamlines around the corrugated airfoil, in which fluid flowing over the corrugated airfoil
would be trapped between the corrugation valleys, resulting in the corrugated airfoil functioning as
a streamlined airfoil. That is, NACA2408 airfoil matches the functioned streamlined airfoil for the
corrugated airfoil, where the maximum thickness of the smooth-surfaced airfoil is 8% of the chord
length.

Figure 1. Profile of corrugated airfoil.
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Figure 2. Profile of NACA2408 airfoil.

The computational domain and boundary conditions for corrugated airfoil and NACA2408
airfoil are shown in Figure 3. There were two cases: two-dimensional (2D) computational domain and
three-dimensional (3D) computational domain. The three-dimensional domain was used as an example
to introduce the computational setup of the present study. Removing the 3D computational setup in
the spanwise direction, a 2D computational setup was obtained. A Cartesian coordinate system was
used to define x in the mainstream direction, z in spanwise direction and y in the vertical direction
(perpendicular to x and y). Actually, all computations were conducted on a general curvilinear
coordinate system (ξ,η,ζ), in which ξ means the direction following the mainstream surface of the
airfoil, η is the direction away from the surface of airfoil, and ζ is the same as the direction of z. In this
study, the computational grid was generated using Pointwise, a high-quality mesh generator for fluid
analysis. The boundary-fitted grid of H-type was applied in the x-y plane. The computational grids
were regenerated as the airfoil moved. The grid points at the surrounding boundary in the calculation
region in Figure 3 were fixed. The grid points on the moving airfoil surface were obtained by using
Transfinite interpolation and the grid points inside the computational domain were arranged so that
the grid lines were orthogonal at the boundary of the computational domain by solving an elliptic
equation for general coordinate system variables [29]. Since the numerical calculation related to the
problem of the fixed angle of attack did not deal with the movement of the object boundary, the moving
speed of the grid Vk (see Equation (2)) was set to zero and the computational grid was not regenerated.
Figure 4 shows the calculation grid near the object boundary, an enlarged view of the leading edge of
the airfoil.

(a)
(b)

Figure 3. Computational domain and boundary conditions: (a) two dimensional; and (b)
three dimensional.
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(a)

-0 06-0 04-0 0200 020 040 060 080 1

(b)

Figure 4. Computational grid: (a) corrugated airfoil; and (b) around leading edge.

The computational domain size was defined as follows: the length of the streamwise direction,
wall-normal direction, and spanwise direction were 17L, 14L, and 0.6L, respectively. The center point
of the airfoil was fixed at a position 8.5L from the inflow side. As shown in Figure 3, the inflow was
a uniform stream without disturbance. Thus, the turbulence was developed in the boundary layer
around the airfoil after the transition. The outflow boundary condition was defined as the convective
boundary condition. In the spanwise direction, the periodic boundary condition was used. The slip
boundary conditions were imposed on the upper and lower boundaries of the calculation region.
The nonslip boundary condition was applied at the surface of the airfoil. Neumann condition with
zero gradients was applied to the pressure boundary condition of inflow, outflow, top, and bottom.
The computational parameters of all possible cases conducted in this study are summarized in Table 1.
The Reynolds number defined by Re = UL/ν = 4000 matches the low Reynolds number range where
dragonflies usually operate. Two-dimensional and three-dimensional simulations were conducted and
compared to investigate the unsteady aerodynamic characteristics of the corrugated airfoil. The 2D
and 3D numerical calculations at the angle of attack from 0◦ to 12◦ were performed to investigate the
unsteady behavior of lift and drag coefficients depending on the angle of attack. The 2D simulations
at the angle of attack from −6◦ to 6◦ were conducted to study the attitude stability of the corrugated
airfoils. In Table 1, Nα and ∆+

α denote the number of grid points and grid spacing in the α direction.
The superscript + means the wall unit, that is,

∆+
α =

uτ∆α

ν
, uτ =

√
τw

ρ
, (4)

where uτ is the averaged local wall friction velocity and τw denotes the wall stress.

Table 1. Computational parameters. (The superscript + means the wall unit.)

Case Re Angle of Attack Lx × Ly × Lz Nx × Ny × Nz [∆+
x , ∆+

y , ∆+
z ]min

2-D 4000 −6◦–12◦ 17L× 14L 1626× 255 9.8, 0.44
3-D 4000 0◦–12◦ 17L× 14L× 0.6L 1626× 255× 100 9.8, 0.44, 6.2

4. Validation Case

To validate the current numerical solver when the angle of attack is passively changed by the
fluid force, simulations of the flow field around an unsteady moving airfoil were performed and
compared to the published results of Kaneko et al. [30]. The calculation target was NACA0010 airfoil
that performs a heaving motion in a sufficiently wide space at an angle of the attack 0◦, and the thrust
coefficient acting on the airfoil by hydrodynamic force was compared. The airfoil analyzed in this
study was a rigid body, and the forcing motion expressed by the following equation was given to the
heaving airfoil:

h = −h∗amsin (2π f ∗t∗) , (5)
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where ∗ is a non-dimensional variable with the chord length L and the airfoil forward propulsion
speed U, and h∗am and f ∗ are the amplitude and frequency of the heaving motion. The center of motion
O was b = 0.2L measured from the blade leading edge. Figure 5 illustrates the movement variables.
The computational domain and boundary condition of the validation case are shown in Figure 6,
and the computational parameters are shown in Table 2. As shown in Figure 6, the grid width in wall
unit was obtained on the suction side at the mid-chord position.

Figure 5. Parameters for the airfoil movements in the case of validation.

Figure 6. Computational domain and boundary condition of the validation case.

Table 2. Computational parameters of validation case. (The superscript * is a non-dimensional variable
with the chord length L and the airfoil forward propulsion speed U.)

Re Angle of Attack h∗
am f∗ Lx × Ly Nx × Ny ∆+

x , ∆+
y

10, 000 0◦ 0.05 0.56 40L× 30L 1800× 240 40, 1.2

For the results of the validation case, as expressed in Equation (5), the heaving motion treated in
this study had periodicity, thus the lift coefficient and drag coefficient were evaluated by the phase
average value. The number of samples for phase averaging was 4. Figure 7 shows the distribution of
the thrust coefficient CT with respect to the heaving position h∗. It can be confirmed that the calculation
result by the current method is in good agreement with the numerical results by Kaneko’s method [30].
Furthermore, when the airfoils were heaving and pitching, the separation vortex generated at the
leading edge of the airfoil may merge with the vortex generated from the trailing edge to form a
reverse Karman vortex street in the wake. It was reported by Anderson et al. [31] that the airfoil
achieves high propulsion efficiency under conditions where the inverted Karman vortex is formed.
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For this reason, paying attention to the vorticity distribution around the airfoil during the upstroke
(see Figure 8), no vortex separation or reverse Karman vortex street was observed at the leading edge
of the blade. This observation was considered to be reasonable because drag was dominant, as shown
in Figure 7.
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-0.06 -0.04 -0.02 0 0.02 0.04 0.06

C
T

h
*

Kaneko et al.
Present

Drag

Thrust
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Figure 7. Periodic variation of the thrust coefficient of a heaving and pitching NACA0010 airfoil.

Figure 8. Periodic variation of the thrust coefficient of a heaving and pitching NACA0010 airfoil.

5. Results and Discussion

5.1. Aerodynamic Characteristics under Two-Dimensional Calculation

The flow field around the corrugated airfoil at chord Reynolds number Re = 4000 with an angle of
attack of α = 2◦ was taken up as a characteristic example to analyze the aerodynamics of a corrugated
airfoil in relation to the flow field around it at the low Reynolds number flow and low angle of attack.
Figures 9 and 10 show the time-averaged streamlines and the pressure distribution generated by the
corrugated airfoil at angle of attack of 2◦, Reynolds number Re = 4000, respectively. It can be seen
that there is a trapped vortex in each cavity of the corrugated airfoil which causes the overall flow
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to resemble that past the smooth-surfaced airfoil. This observation is in line with the experimental
and numerical studies of Rees [10], Newman et al. [12] and Vargas et al. [15], who hypothesized that
flow would behave in such a way due to the trapped vortex inside each cavity. Here, NACA2408
airfoil matches the functioned streamlined airfoil for the corrugated airfoil. Thus, the NACA2408
airfoil was selected to compare the smooth-surfaced airfoil with the corrugated airfoil with respect to
its aerodynamic characteristics.

Figure 9. Mean streamlines around a corrugated airfoil at angle of attack of 2◦ and Re = 4000.

Figure 10. Mean pressure distribution of a corrugated airfoil at angle of attack of 2◦ and Re = 4000.

The key quantities that were to be examined for the corrugated and smooth-surfaced airfoils were
the coefficient of lift (CL) and coefficient of drag (CD), which can be defined as:

CL =
FL

1/2ρU2
∞ A

, CD =
FD

1/2ρU2
∞ A

, (6)

where FL and FD are lift and drag force, ρ is the fluid density, U∞ is the velocity of body relative to the
fluid, and A is the projected area of the airfoil. Thus, the lift-to-drag ratio is CL/CD. Table 3 shows
the comparison of the lift-to-drag ratio, lift coefficient, drag coefficient, and the breakdown of lift
coefficient and drag coefficient for the pressure and friction stress components with respect to the
corrugated airfoil and NACA2408 airfoil at the angle of attack of 2◦, Re = 4000. Here, the superscripts
p and f mean the contribution of pressure and friction stress, respectively. For example, Cp

L denotes
the pressure component of the lift coefficient. Table 3 confirms that the corrugated exhibits better
aerodynamic performance than the NACA2408 airfoil at a low angle of attack, that is the lift-to-drag
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ratio of the corrugated airfoil is higher, which is in accordance with the numerical results of Luo and
Sun [14] and Vargas et al. [15]. Furthermore, the corrugated airfoil could provide larger lift than
the profiled NACA2408 airfoil at a low angle of attack, while the drag generated by the corrugated
airfoil and the profiled NACA2408 airfoil is almost the same. Meanwhile, it can be seen that from
the perspective of the pressure and friction stress, the breakdown components of the lift and drag
coefficient with respect to the corrugated and profiled NACA2408 airfoils are different in Table 3.
First, for the lift coefficient, there is almost no difference from the frictional contributions with respect
to the corrugated airfoil and the profiled NACA2408 airfoil, while the pressure component of the
lift coefficient significantly increases for the corrugated airfoil. Through analysis of the pressure
distribution of the corrugated airfoil in Figure 10, the reason can be found: the negative pressure
produced at the valleys of the corrugated airfoil contributes to the increased lift. Second, for the drag
coefficient, the pressure contribution accounts for about 70% for the corrugated airfoil, whereas the
frictional contribution accounts for about 70% for the profiled NACA2408 airfoil. The reason the
pressure contribution of the drag coefficient for the corrugated airfoil is large is that the downstream
side is low pressure and the upstream side is high pressure, as can be seen in Figure 10. On the other
hand, the frictional contribution of drag for the profiled NACA2408 airfoil is large because of the large
surface area facing the external flow.

Table 3. The lift and drag coefficients of a corrugated airfoil at angle of attack of 2◦, Re = 4000 and its
breakdown.

Case CL/CD CL CD Cp
L C f

L Cp
D C f

D

Corrugated airfoil 5.83 0.338 0.058 0.335 0.003 0.041 0.017
NACA2408 airfoil 3.47 0.205 0.059 0.203 0.002 0.018 0.041

Figure 11 shows the values of the lift and drag coefficient of the two-dimensional corrugated
airfoil and the profiled NACA airfoil at Reynolds number Re = 4000 when the angle of attack is
varied from 0◦ to 12◦. The lift coefficient and drag coefficient were averaged over time after the
flow field was fully developed. Here, the results of NACA2406 and NACA2410 airfoils are also
shown in Figure 11 to confirm if the thickness of the airfoil significantly affects the aerodynamic
characteristics. The thickness of NACA2406 airfoil and NACA2410 airfoil are 6% and 10% of the chord
length, respectively. In general, it is said that the smaller is the airfoil surface area, the better is the
aerodynamic performance in the flow field where the viscosity is dominant. Our result truly shows
that the thinner are the airfoils, the higher is the lift and the lower is the drag. However, this kind
of differences for the lift and drag between the NACA2406, NACA2410 and NACA2410 airfoils are
very small. The error bars in Figure 11 indicate the maximum and minimum values of the fluctuations
of the lift and drag coefficient. For the lift coefficient, the corrugated airfoil shows larger value than
NACA2408 airfoil at all angle of attack, while the fluctuations for the corrugated airfoil are larger as
well compared to the profiled NACA2408 airfoil when the angle of attack is increased. For the drag
coefficient, the corrugated airfoil and profiled NACA2408 airfoil perform same value at low angles of
attack, but the corrugated airfoil show larger value at angle of attack of 6◦ and above.
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(a)

(b)
Figure 11. The mean lift and drag coefficient of the two dimensional corrugated airfoil and the profiled
NACA airfoil at Re = 4000 with varying angle of attack: (a) lift coefficient; and (b) drag coefficient.

When the angle of attack of the airfoil is large and the lift and drag are fluctuating,
as Nakae et al. [32] pointed out, it is possible that the flow around the airfoil was originally
three-dimensional, so the result of two-dimensional simulations of the flow around an airfoil is
considered to be non-physically large and fluctuating. When the angle of attack is small, the state of
the flows around an airfoil is almost steady. However, when the angle of attack increases, a separation
vortex is generated on the airfoil surface, and both the lift and drag change as it flows backward.
In the two-dimensional calculation, the vorticity component is fixed to only one component, so
there is no room for the vortex to become three-dimensional. A strong and continuous transverse
vortex is generated on the upper surface of the airfoil, which is different from the actual flow field
around an airfoil, as shown in Figures 12 and 13, which show the instantaneous mainstream velocity
field and vorticity around NACA2408 airfoil at angle of attack of 8◦, Re = 4000. For this reason,
the two-dimensional calculation is not sufficient at high angles of attack, and it is considered that
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three-dimensional calculation is necessary at angles of attack of 6◦ or more for corrugated airfoil and
angles of attack of 8◦ or more for NACA2408 airfoil.

Figure 12. Instantaneous velocity field around NACA2408 airfoil at angle of attack of 8◦ and Re = 4000.

Figure 13. Instantaneous vorticity contours around NACA2408 airfoil at angle of attack of 8◦ and
Re = 4000,

5.2. Aerodynamic Characteristics under Three-Dimensional Calculation

Figure 14 shows the time history of lift and drag coefficient of the two and three-dimensional
corrugated airfoils at Re = 4000 with the angle of attack of 8◦. The flows around the corrugated airfoils
are sufficiently developed at a dimensionless time of about 20, and the course in Figure 14 until the
dimensionless time of 80 is shown. It can be seen that the two and three-dimensional calculations for
the corrugated airfoils have a distinct time history. For instance, in 2D calculations, the lift and drag
coefficient are quasi-stationary states, that is the lift and drag both attain an oscillatory state, whereas,
in 3D calculations, they are unsteady. It can also be seen that the results of the three-dimensional
calculation show a smaller vibration (fluctuation) and a smaller average value in the lift and drag
coefficient than the two-dimensional calculation.
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(a)

(b)
Figure 14. Time history of lift and drag coefficient of 2D and 3D calculations for the corrugated airfoil
at Re = 4000 with angle of attack of 8◦: (a) lift coefficient; and (b) drag coefficient.

Figure 15 shows the instantaneous velocity field on the upper surface of the corrugated airfoil at
angle of attack of 8◦, Re = 4000. Figure 15a shows the velocity field viewed from diagonally upward,
while Figure 15b shows the velocity field viewed from the front side. From this result, it was confirmed
that the flow field around the corrugated airfoil is three-dimensional, especially in the separation
shear layer.
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(a)

(b)
Figure 15. Instantaneous velocity field on the upper surface of the corrugated airfoil at angle of attack
of 8◦, Re = 4000: (a) top view; and (b) front view.

Figure 16 shows the values of the lift and drag coefficient of the two-dimensional and
three-dimensional calculations for the corrugated airfoil and the profiled NACA2408 airfoil at Reynolds
number Re = 4000 when the angle of attack is varied from 0◦ to 12◦. Based on the above discussion,
the values of the lift and drag coefficient are fluctuating with time at high angles of attack, but here
the averaged values are shown in the present figures. It can be seen that the 2D calculation and 3D
calculation, the corrugated airfoil and profiled NACA2408 airfoil all have a distinct lift and drag.
First, comparing the results of 2D and 3D calculations, the difference is clearly shown: the lift and
drag coefficient values for both the corrugated and the profiled NACA2408 airfoils are smaller in the
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3D calculation than the values in the 2D calculation at all angles of attack. This is due to the strong
influence of the three-dimensionality of the flow field, as described in Figure 15. Next, when comparing
the three-dimensional calculation of the corrugated airfoil with the three-dimensional calculation of
the NACA2408 airfoil, the corrugated airfoil shows larger value in both the lift and drag coefficient at
all angles of attack and has different characteristics at low angles of attack.

(a)

(b)
Figure 16. The averaged lift and drag coefficient of 2D and 3D calculations for the corrugated airfoil and
NACA2408 airfoil at Re = 4000 with varying angle of attack: (a) lift coefficient; and (b) drag coefficient.
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Figure 17 shows the mean lift-to-drag ratio of the 3D calculations for the corrugated airfoil and
the profiled NACA2408 airfoil at Re = 4000 with varying angle of attack. From this, it can be seen that,
when the angle of attack is low, from 0◦ to 6◦, the lift-to-drag ratio of the corrugated airfoil is much
larger than that of NACA2408 airfoil, and is equal at angles of attack of 8◦ or more. As a result,
the corrugated dragonfly airfoil is an effective wing shape for glide at a low angle of attack. However,
the corrugated airfoils are also characterized by the fact that the lift and drag tend to fluctuate when
the angle of attack is raised.

Figure 17. The mean lift-to-drag ratio of the 3D calculation for the corrugated airfoil and the 3D profiled
NACA2408 airfoil at Re = 4000 with varying angle of attack.

5.3. Aerodynamic Characteristics of Three-Dimensional Corrugated Airfoil under Three-
Dimensional Calculation

In this section, we show the results of three-dimensional calculation of the flowing fluid around a
three-dimensional corrugated wing with unevenness in the spanwise direction. The calculation area
and calculation conditions are the same as those described for the 3D calculation of the 2D airfoil,
and the target is a three-dimensional corrugated wing, as shown in Figure 18. The length in the
spanwise direction is 0.6L, where L is the chord length, and an uneven pattern with two cycles is
provided in the spanwise direction. This was determined by estimating the size of the 3D vortex from
the visualization of the flow field around the 2D airfoil in the 3D calculation, as shown in Figure 15.
The calculation was performed at an angle of attack of 2◦ as a representative of low angles of attack
and 8◦ as a representative of high angles of attack, and the 3D calculation results of a 3D corrugated
airfoil were compared with the 3D calculation results of a 2D corrugated airfoil.
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Figure 18. A three-dimensional corrugated wing shape.

Figure 19 shows the instantaneous velocity field on the upper surface of the three-dimensional
corrugated wing at angle of attack of 2◦ and Re = 4000. It can be seen that the flow field around the
3D corrugated airfoil is almost steady, and the vortex stagnates at the dent of the wing, similar to the
case of the 2D wing. Figure 20 shows the time history of lift coefficient of 3D calculations for the 2D
and 3D corrugated airfoil at Re = 2000 and 4000 with angle of attack of 8◦. Here, the lift coefficient is
averaged over the entire corrugated wing. From the results, there was little difference between the
average value and the amount of temporal fluctuation of the lift coefficient between the 2D and 3D
corrugated airfoil in the 3D calculation. For instance, in the case of Re = 2000, as shown in Figure 20a,
when the flow field is sufficiently developed (after the dimensionless time 40), the mean value of CL for
2D and 3D corrugated airfoils is almost the same, and the fluctuations of CL of 3D corrugated airfoil is
smaller compared with that of 2D corrugated airfoil. In the case of Re = 4000, as shown in Figure 20b,
the 3D corrugated airfoil shows the same smaller fluctuations of CL. As a result, it was confirmed
that the unevenness in the spanwise direction for a three-dimensional corrugated wing promotes the
three-dimensional flow field around the three-dimensional wing and suppresses the lift fluctuations of
the entire corrugated wing.

Figure 19. Instantaneous velocity field on the upper surface of the three dimensional corrugated wing
at angle of attack of 2◦ and Re = 4000.
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(a)

(b)
Figure 20. Time history of lift coefficient of 3D calculations for the 2D and 3D corrugated airfoil at
Re = 2000 and 4000 with angle of attack of 8◦: (a) Re = 2000; and (b) Re = 4000.

5.4. Hydrodynamic Moment and Attitude Stability

5.4.1. Fixed Angle of Attack

In a steady-state with the airfoil fixed at an angle of attack in a uniform flow, the moment
coefficient CM due to the fluid force generated around the position of the airfoil chord length of 25%
from the airfoil leading edge was evaluated. The static moment coefficients were averaged over time
after the flow field was fully developed. Figure 21 shows the mean static moment coefficient due to
the fluid force at each angle of attack for the corrugated airfoil and the profiled NACA2408 airfoil at
Re = 4000. Here, the angle of attack is varied by 1◦ from −6◦ to 6◦. The hydrodynamic moment acting
on the airfoil increases as the angle of attack increases, and the hydrodynamic moment increases in the
direction of decreasing the angle of attack, and then it is called that the airfoil in the range of angle of
attacks is stable. In Figure 21, the region where the angle of attack α is statically stable is approximately
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−4◦ < α < 4◦ for the profiled NACA2408 airfoil, while −2◦ < α < 2◦ for the corrugated airfoil.
In addition, through the least square approximation, the rate of change in hydrodynamic coefficient
over angle of attacks in Figure 21 is 0.064 and 0.015 for the profiled NACA2408 airfoil in range of
−4◦ < α < 4◦ and the corrugated airfoil in range of−2◦ < α < 2◦, respectively. As a result, the profiled
NACA2408 airfoil is statically more stable near the angle of attack of 0◦ and has a wider static stable
range of the angle of attack compared with the corrugated airfoil. Meanwhile, for variations of angle of
attack in the static stable region, a lager hydrodynamic moment fluctuation is obtained in the direction
to make it smaller for the profiled NACA2408 airfoil.

Figure 21. The mean static moment coefficient of the corrugated airfoil and the profiled NACA2408
airfoil at Re = 4000 with varying angle of attack.

5.4.2. Angle of Attack Passively Changed by the Fluid Force

A constant supporting moment M0 is applied from the leading edge of the airfoil around the
rotating support point with a chord length of 25% so that it balances the hydrodynamic moment due to
the fluid force generated at the initial angle of attack. Here, the initial angle of attack is 0◦, thus, based
on the results in Figure 21, CM0 for the NACA2408 airfoil and the corrugated airfoil are 0 and −0.0393,
respectively. After applying an initial disturbance with a small angle ∆α = +0.001◦ for the objective
airfoils, the time evolution of the angle of attack of the objective airfoil is observed. The moment
of inertia for the airfoil is used to evaluate the influence of flow fields around differently shaped
airfoils on the dynamic stability of the angle of attack. The purpose of this study was to evaluate the
influence of the difference of the airfoil shape on the fluctuation of the angle of attack by comparing
the time evolution of the angle of attack after a small angle disturbance. To remove the effect of the
moment of inertia, the density ratio between the structure and the fluid is set so that the moment
of inertia of the corrugated airfoil and the NACA2408 airfoil is equal. For the density ratio between
the corrugated airfoil and the fluid rρC = 3.0× 10−3, Figure 22 shows the time evolution of angle of
attack and pitching moment coefficient of fluid force for the corrugated airfoil and NACA2408 airfoil
at Re = 4000 with the initial angle of attack of 0◦. As shown in the solid line in Figure 22, the angle of
attack of both kinds of airfoils oscillates with increasing amplitude of around 0◦ over time. The angle of
attack of the corrugated airfoil exceeded the range of static stability (see Figure 21, −2◦ < α < 2◦) after
dimensionless time 390 and diverged in the positive direction. Therefore, we compared the fluctuations
of the angle of attack of the corrugated airfoil and NACA2408 airfoil up to dimensionless time 390.
To further understand the relationship between the difference in wing shape and the fluctuations in
the attack angle, the distribution of the relative moment coefficient between the moment by the fluid
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force and the support moment M0 is also shown by a broken line in Figure 22. From the results in
the figure, it can be confirmed that the corrugated airfoil has a larger amplitude of fluctuations of the
angle of attack and larger amplitude of the relative moment coefficient compared with the profiled
NACA2408 airfoil. In addition, there is a dimensionless time delay of the moment of fluid force with
respect to fluctuations in the angle of attack, especially when the distribution of the moment coefficient
and the angle of attack takes an extreme value or 0◦.

The mean value of the dimensionless time delay of extreme values and 0◦ for the moment
coefficient with respect to fluctuations in the angle of attack and the coefficient of variation obtained by
dividing the standard deviation of the dimensionless time delay by the mean value of the dimensionless
time delay are summarized in Table 4. It can be seen that the dimensionless time delay of the corrugated
airfoil is significantly greater than that of the NACA2408 airfoil. Although there are slight fluctuations,
the dimensionless time delay for both two airfoils is concentrated near its mean value. Regarding
the moment coefficient when the angle of attack is 0◦, the moment coefficient is negative due to the
dimensionless time delay, as the angle of attack changes from negative to positive. Thus, the airfoil
has a hydrodynamic moment in the direction of increasing the angle of attack. Similarly, when
the angle of attack changes from positive to negative, the moment coefficient is positive due to the
dimensionless time delay, and then a hydrodynamic moment is generated in the direction of increasing
the fluctuations of the angle of attack. As a result, based on the above analysis, the increase in the
amplitude of fluctuations of the angle of attack is more pronounced for the corrugated airfoil, which
has larger dimensionless time delay than the NACA2408 airfoil. Actually, the solid line in Figure 22
verifies the results of the analyses.

Figure 22. Time evolution of angle of attack and pitching relative moment coefficient of fluid force
for the corrugated airfoil and NACA2408 airfoil at Re = 4000, with initial angle of attack of 0◦

(rρC = 3.0× 10−3).

Table 4. Dimensionless time delay between angle of attack and moment force.

Dimensionless Time Delay Corrugated NACA2408

Average 7.8 2.3
Coefficient of Variation 0.038 0.13

From the numerical calculation results of the problem setting with a fixed angle of attack, it was
predicted that the attitude of the airfoil would be stabilized even if a small disturbance of the angle of
attack was applied. However, when the angle of attack was passively changed by the fluid force for
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the airfoils around the rotating support point with a chord length of 25% from the leading edge, the
numerical results were different from this expectation. Therefore, we discuss the destabilization of
the attack angle of the airfoil by modeling the motion of a rotationally supported airfoil that receives
fluid force. In the distribution of the hydrodynamic moment coefficient for the fixed angle of attacks
(see Figure 21), the distribution is linear near the angle of attack of 0◦ for both two airfoils. Thus, in
Equation (3), CM − CM0 can be linearized with respect to the angle of attack α by performing Taylor
expansion (up to the first order) with the angle of attack near 0◦. Thus,

− I
d2θ

dt2 '
1
2

u2
uniS

(
CM − CM0

∣∣∣∣
α=0

+
∂CM
∂α

∣∣∣∣
α=0

α

)
. (7)

Here, based on the above problem setting, the support hydrodynamic moment coefficient CM0

is given so that CM − CM0 = 0 at the angle of attack α = 0◦, thus CM − CM0 |α=0 = 0. As shown in
Figure 23, for the airfoil rotating unsteadily, the angle of airfoil attitude θ is distinguished from the
actual angle of attack α. l is the length that represents the velocity derived from the rotational motion,
and l = 0.25L. The geometric relationship between velocity and angle of attitude θ and attack α is
shown in Figure 24. urel represents the relative velocity between the uniform inflow velocity uuni and
the velocity of length l due to the rotation, see Figure 24. When θ is sufficiently small, according to the
geometrical relationship in Figure 24,

tan(θ − α) ' lθ̇
uuni

⇒ α ' θ − l
uuni

θ̇. (8)

Applying Equation (8) to Equation (7) leads to

− I
d2θ

dt2 '
1
2

u2
uniS

[
∂CM
∂α
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α=0

(
θ − l

uuni
θ̇

)]
. (9)

Dividing Equation (9) by 1/2u2
uniS and using Î = I/2u2

uniS and ∂CM
∂α |α=0 = β results in

− Îθ̈ + β
l

uuni
θ̇ + βθ = 0. (10)

Performing Laplace transform on both sides of Equation (10) and using Θ(s) = L(s) lead to

Î
(

s2Θ(s)− sθ(0)− θ̇(0)
)
− β

l
uuni

(sΘ(s)− θ(0)) + βΘ(s) = 0. (11)

According to the above problems setting of the initial disturbance of the angle of attack at t = 0,
θ(0) = 1.0× 10−3 and θ̇(0) = 0 can be obtained. Then, rearrangement of Equation (11) yields

Θ(s)
θ(0)

=

(
s− β l

uuni

)
Îs2 − β l

uuni
s + β

. (12)

From Equation (12), the characteristic polynomial of this control system (a rotationally supported
airfoil that receives fluid force) can be obtained from the fraction part on the right-hand side of
Equation (12), i.e., P(s) = Îs2 − β l

uuni
s + β. Since the characteristic polynomial of this control

system is a second-order polynomial, the stability can be easily evaluated using Routh–Hurwitz
criterion [33,34]. The necessary and sufficient condition of the Routh–Hurwitz criterion for a
second-order polynomial is that all coefficients of the polynomial must be greater than zero. For
the constant in the polynomial P(s) = Îs2 − β l

uuni
s + β, Î is an estimate of the dimensionless moment

of inertia around the rotational support point of the airfoil, the time scale expressed by l
uuni

is 10, and
β is the slope of the interval where the distribution of the fluid force moment coefficient is linear in
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Figure 21, that is, it is 0.015 and 0.064 for the corrugated airfoil and the NACA2408 airfoil, respectively.
In conclusion, Î > 0, −β l

uuni
< 0 and β > 0. According to the Routh–Hurwitz stability criterion for

a second-order polynomial, the control system of the angle of attack passively changed by the fluid
force for both two airfoils (around the rotating support point) can be said to be an unstable system.

θ

lθ

lθcosθ

lθsinθ

lθ

Figure 23. Attitude and rotation speed of an airfoil.

lθ

θ

lθsinθ

lθcosθ θ-α
u

rel

uuni

Figure 24. Geometric relationship between velocity and angle of attitude and attack.

6. Conclusions

In this study, two-dimensional and three-dimensional numerical simulations were conducted
to investigate the aerodynamic characteristics, especially the unsteady aerodynamic characteristics
and attitude stability, of a bio-inspired corrugated airfoil compared with a smooth-surfaced airfoil
(NACA2408 airfoil) at the chord Reynolds number of 4000 to explore the potential applications of
non-traditional, corrugated dragonfly airfoils for small MAVs or UAVs designs. There were two
problem settings applied to our numerical calculations. First, the airfoil was fixed at a constant angle
of attack to analyze the aerodynamic characteristics and the hydrodynamic moment of the corrugated
airfoil and smooth-surfaced airfoil. Especially, the unsteady behavior of lift and drag coefficient was
studied. Second, to consider the influence of the fluid force acting on the airfoil surface, the angle of
attack of airfoils was passively changed by the fluid force to analyze the attitude stability. The current
numerical solver for the flow field around an unsteady rotating airfoil when the angle of attack is
passively changed by the fluid force was validated in comparison with the numerical data from
Kaneko et al. [30]. Satisfactory results were obtained. It was confirmed that the corrugated airfoil
performs (in terms of the lift-to-drag ratio) much better than the profiled NACA2408 airfoil at low
Reynolds number Re = 4000 in low angle of attack range of 0◦–6◦, and performs as well at the angle of
attack of 6◦ or more. At these low angles of attack, although the pleated airfoil experiences an increase
in the pressure drag, it is more than compensated by a concomitant decrease in the friction shear drag.
The reduction in the shear drag is due to the fact that there exist recirculation zones inside the cavities
formed by the pleats, and they lead to negative shear drag contribution. Furthermore, the corrugated
airfoil could provide larger lift than the profiled NACA2408 airfoil at a low angle of attack. The increase
in the lift is due to the fact that the negative pressure produced at the valleys of the corrugated airfoil
contributes to the increased lift. It was found that, when the angle of attack is high, the lift and drag in
the two-dimensional numerical calculation for the corrugated airfoil and the profiled NACA2408 airfoil
fluctuate strongly, especially for the corrugated airfoil. However, in three-dimensional simulation,
especially for a three-dimensional corrugated airfoil with unevenness in the spanwise direction, smaller
fluctuations and the smaller average value in the lift and drag were obtained than the results in 2D
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calculations. The reason was found that the flow becomes three-dimensional in the separated shear
layer when the angle of attack is high. In particular, a three-dimensional wing with irregularities
in the spanwise direction can promote three-dimensional flow and can suppress lift fluctuations
even at high angles of attack. On the other hand, the attitude stability of the corrugated airfoil was
studied. Regarding the airfoil fixed at angles of attack, the profiled NACA2408 airfoil is statically more
stable near the angle of attack of 0◦ and has wider static stable range of the angle of attack compared
with the corrugated airfoil, such as −4◦ < α < 4◦ for the profiled airfoil and −2◦ < α < 2◦ for the
corrugated airfoil. Regarding the airfoil with the angle of attack passively changed by the fluid force,
the corrugated airfoil has a larger amplitude of fluctuations of angle of attack, a larger amplitude of the
relative moment coefficient, and a larger dimensionless time delay of the moment of fluid force with
respect to fluctuations in the angle of attack compared with the profiled NACA2408 airfoil. Finally,
based on the Routh–Hurwitz stability criterion, it was confirmed that the systems of the angle of
attack passively changed by the fluid force for both two airfoils (around the rotating support point) are
unstable systems.
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