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Abstract
In this work, Numerical study of Fluid Structure Interaction of uniform flow past a two dimensional pleated airfoil
is carried out. When the wing interact with the air, it is subjected to both aerodynamic forces acting on the surface
of the wing and the inertial force due to the acceleration of deceleration of the wing mass. The interaction between
these inertial and aerodynamic forces resulted in wing deformation. The dynamics of a pleated insect wing
subjected to aerodynamic loading is studied. The vortex induced vibration and forced vibration of a pleated flexible
insect wing subjected to aerodynamic load is studied by using ANSYS-14 multi physics solver. The insect wing is
of dragonfly wing cross section. In the first phase of the work, fluid flow simulation at Reynolds Number-100, 200,
500, and 1000 will be performed with angle of attack 0 0 to 150. The result from the CFD solver will be fed in the
form of lift and drag forces are then fed into the ANSYS Workbench solver and one way Fluid Structure
Interaction analysis is performed.
Keyword: Lift Coefficient, Drag Coefficient, Angle of Attack, Reynolds No, Deflection
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1

Introduction

Numerous
experimental
and simulation studies on flapping wings have been conducted, and significant
understanding of the aerodynamic-force generation mechanism has been achieved (Ellington et al., 1996;
Wakeling and Ellington, 1997; Dickinson et al., 1999; Liu et al., 1998; Sane and Dickinson, 2001; Usherwood
and Ellington, 2002; Sun and Tang, 2002a and b; Ramamurti and Sandberg, 2002 and 2007). However,
in most of these studies, rigid-wing models are employed although wing flexibility has been recognized
as an important factor in flapping-wing aerodynamics (Young et al., 2009; Walker et al., 2010; Du and Sun,
2010; Wootton et al., 2003; Combes and Daniel, 2003).
Micro air vehicles (MAVs offer great potentials for various civil and military applications in revolutionizing
sensing and information gathering, such as surveillance, inspection, targeting, or biochemical sensing tasks at
remote and hazardous locations. Numerous vehicle concepts, including fixed, rotary, and flapping wings, have
been proposed (Shyy et al., 1999; Mueller, 2001; Lian et al., 2003; Stanford et al., 2004; Bohorquez et al., 2003;
Ramasamy et al., 2006). However, the advantage of a flapping wing in MAV compared with fixed or rotarywing aircraft of the same scale is emphasized by its maneuverability and smooth transition from hovering to
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forward flight signature.
The structural deformation during flapping can significantly influence the flow behavior around the wing
and, consequently, brings an important effect on its aerodynamic performance (Combes and Daniel, 2003.
Physiological studies have shown that insect wing deformation is passive in which the wing is deformed by
both inertial acceleration and deceleration of the wing mass, by the aerodynamic force from surrounding air, or
by the combination of both (Wootton et al., 2003). Combes and Daniel, (2003b) discovered that the overall
bending patterns of a hawkmoth wing are quite similar when flapped (single degree-of-freedom flap
rotation) in air and in helium, despite an 85% reduction in fluid density.
Young et al., (2009) found out that wing deformation leads to substantial power economy for lift production.
Moreover, they noticed that the leading-edge vortex (LEV) in the full- kinematic model remains
attached to the wing during the entire flapping cycle, which may have contributed to the aerodynamic power
efficiency of the wing. Similarly, Walker et al. (2010) obtained quantitative data on the time-varying
camber and twist of the wing in free-flying drone flies. A further study was conducted by Du and Sun (2010)
where they removed the camber and spanwise twist one by one. They observed that the lift in the free-flying
drone flies is principally caused by camber deformation. Mueller (2001) reported that a fundamental
difference exists between the interest of an aerospace engineer in flapping flights and that of a biologist or
zoologist.In recent years, numerous experimental and numerical studies have been carried out to
investigate the effects of flexibility on flapping airfoil/wings. Heathcoat et al. (2004 and 2008). Hu et al.
(2010) studied the aerodynamic benefits of flexible membrane wings in the development of flapping-wing
MAVs. The time-averaged lift and drag generation of two flexible membrane wings with different skin
flexibilities (flexible nylon and flexible latex wings) are compared with those of a rigid wing.The effect of the
Reynolds number on the gliding ratio is that at Re 1000 and at angle of attack (here after, AOA) 15 0, the largest
gliding ratios are obtained. Flow invariably for all Reynolds number, minimum Drag coefficient is obtained at
AOA 150 Anwer et al (2013). Aeshna genus dragon fly can glide up to 30s without any significant loss of altitude
(Brodsky 1994). Wakeling and Ellington (1997) filmed a smaller dragon flies and found there gliding periods
lasting 0.5s, covering a distance of approximately 1m and thus achieving gliding speed of 2.5ms -1. Thus the typical
range of Reynolds number in gliding flight can vary from 10 2 to 104 as suggested by Wakeling and Ellington
(1997). This regime of flow can be thus termed as an ultra low Reynolds number regime.Kesel (2000) compared
aerodynamic performance of cross-sections at different positions along the span of a wing of an Aeschna cyanea to
develop the pleated models and its corresponding proﬁled airfoil at a chord Reynolds number of 10 000, and the
results showed that the pleated airfoils generated higher lift than the proﬁled airfoils. However, Okamoto et al
(1996), Kesel (2000) revealed that the orientation of the leading edge does not have an effect in enhancing the lift
production. As with the early ﬂow visualization experiments, Kesel (2000) noticed trapped vortices present in the
folds that serve to change the effective proﬁle of the airfoil. Dragon flies have corrugated wings where the pleated
configuration varies along the span-wise and chord-wise directions (Vargas and Mittal 2006). Vergas and Mittal
(2006) also studied the aerodynamic performance of a pleated wing section based on the wing of Aeshna cyanea
has been performed at ultra-low Reynolds numbers (5000-10000) corresponding to the gliding ﬂight of these
dragonﬂies in two dimension using computational fluid dynamics. The simulations demonstrate that the pleated
airfoil produces comparable and at times higher lift than the proﬁled airfoil, with a drag comparable to that of its
proﬁled counterpart.
Mehdi. H (2014) The deflection is increased when we increased the Reynolds Number with increase their angle of
attack The maximum deflection occur in Re-1000, angle of attack 150i.e. 9.2597x10-3mm and minimum value of
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deflection occurs in Re-100 with angle of attack 00 i.e.1.4618 x 10-4 mm..the highest natural frequency 34.353 Hz
was found in mode 6 which is torsional mode, whereas minimum natural frequency 0.6951 was found in mode .
Mehdi. H (2014)It was found that for all the simulations performed flow always remained steady at Re 100 and 200
at all angle of attack (00 to 150). First unsteady flow was obtained at Re 500 and AOA 10 0. But flow always
remained steady at AOA 00 and 50 for all the Reynolds numbers
In this work, we investigate Fluid structure interaction of flow around a pleated insect 2D airfoil for spatiotemporal dynamics of a cut section of Aeshna Cyanea's wing at ultra low Reynolds numbers (100 to 1000) at
different angle of attacks ranging from 0o to 15o. To the best of author‟s knowledge, The Fluid structure interaction
of 2D pleated airfoil is not studied on these reynolds Number and their Angle of attack. These parameter ranges are
relevant for both dragon ﬂies and micro-aerial vehicles. Past experimental studies (Buckholz, 1986, Okamoto et al
1996, Kesel, 2000) have found no intrinsic three-dimensional effects at these low Reynolds numbers. Thus, 2D
simulations are implemented in this study to encompass a relatively wide range of the parameter space necessary to
draw some general conclusions regarding pleated airfoils. The pleated airfoil implemented in the numerical
simulation corresponds to a cross-section located at the mid-section of the forewing of a dragonﬂy (Aeshna
cyanea). The speciﬁc proﬁle chosen for the numerical simulations corresponds to „Proﬁle 2‟, which was digitally
extracted from the paper of Vargas et al (2008) (which is the same as Profile 2 from Kesel (2000)). From the three
pleated geometries to select from the paper of Kesel (2000), „Proﬁle 2‟ was chosen due to its horizontal leading
edge, thus eliminating the issue that the orientation of the leading edge has an inﬂuence on the aerodynamic
performance (Okamoto et al 1996).
(a)Profile 1

(b) Profile 2

(c) Profile 3

Figure 1: An Illustration of different cut section profiles used by Kessel (2006) and Vargas et al (2008)

Figure 2: The two-dimensional airfoils used in the numerical simulation. Pleated airfoil representing a cross-section
of the forewing of a dragonﬂy (Aeshna cyanea) having  /c = 7.531%

2
2.1

Governing Equation
Fluid Flow

The equations governing the ﬂow in the numerical solver are the time-dependent, viscous incompressible Navier–
Stokes equations. The non-dimensional momentum and continuity equations are as follows:
(1)
(2)
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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 below:
(3)
Using the same ﬂow parameters and geometrical dimensions as Kesel (2000), this allowed for validation and a
critical analysis of the numerical results. The key quantities examined are the lift and drag coefficients which are
deﬁned as
(4)

(5)

Gliding Ratio =

2.2

(6)

Structure Analysis:

The interaction of the fluid and the structure at a mesh interface causes the acoustic pressure to exert a force applied
to the structure and the structural motions produce an effective "fluid load." The governing finite element matrix
equations then become
[MS] { ̈ } + [KS] {U} = {FS} + [R] {P}
[Mf]{ ̈ } + [Kf] {P} = {Ff}- o [R]T {Ü}

(7)
(8)

[R] is a "coupling" matrix that represents the effective surface area associated with each node on the fluid-structure
interface (FSI). The coupling matrix [R] also takes into account the direction of the normal vector defined for each
pair of coincident fluid and structural element faces that comprises the interface surface. The positive direction of
the normal vector, as the program uses it, is defined to be outward from the fluid mesh and in towards the structure.
Both the structural and fluid load quantities that are produced at the fluid-structure interface are functions of
unknown nodal degrees of freedom. Placing these unknown "load" quantities on the left hand side of the equations
and combining the two equations into a single equation produces the following.

2.3

Aerodynamic Performance

The aerodynamic performance of airfoil can be determined by various lift and drag ratio (Kesel, 2000). The gliding
ratio (r) is defined as
Gliding Ratio (

)=

(9)

It gives the maximum gliding distance per unit height. The corresponding gliding angle can be calculated as
Gliding Angle ( )

(10)

The maximum sinking rate (s) is calculated from
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(11)

Numerical Methodology

Ansys Fluent 14.0 is used to solve the above equations. The solver used is based on collocated methodology and
finite volume discretization technique is used.
∭

∮
∑

⃗
⃗

⃗

⃗

∮
⃗

∭

∑

(12)
⃗

The gradients are calculated using Green-Gauss Cell-Based methodology proposed by Holmes and Connel (1989)
and Rauch et al.(1991).
̅̅̅̅ = ∑ ̅
(13)
where
is the number of nodes on the face Convection terms in the momentum equation are discretized using the
second order upwind methodology given by in the second order up wind quantities at cell faces are computed using
a multidimensional linear reconstruction approach (Barth and Jespersen, 1989). The result from the CFD solver
will be fed in the form of lift and drag forces are then fed into the ANSYS Workbench solver and one way Fluid
Structure Interaction analysis is performed.

4

Grid Design:

The pleated cross section of modeled dragon fly is taken from the paper [5]. The length of pleated plate is assumed
to be of unit length by giving X coordinate=1, Height is also given to pleated section in the Y direction and it is
0.05. The pleated section is covered with a circular region of diameter 20C where C is set to 1.This circular region
is then divided into 2 parts along semi-circle parallel to Y axis.Then 150 nodes are taken on each semi circle.60
nodes are also taken on airfoil‟s upper and lower part.Then command of triangular meshing is giving and the
required meshed profile is obtained.
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Figure 3:- Mesh of the problem

Figure 4:- The zoomed view of the mesh
Grid information:





195834 triangular cells
196878 nodes,
Inflow and out flow boundaries are pressure far field
Inner meshed region is fluid.
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Face area statistics:
 Minimum face area (m2) : 4.428917 e-003
 Maximum face area (m2) : 2.160249 e-001

5

Boundary Condition

A constant velocity u= 0.14607 m/sec is imposed on the left side of grid, and the right side set as an outflow region
where the gradient values are set to zero. The components are taken in accordance with the angle of attack.
Pressure on the both sides was taken as atmospheric i.e. P=Patm
Velocity inlet boundary conditions are used to define the velocity and scalar properties of the flow at inlet
boundaries. Out flow boundary condition are used to model flow exits where the details of the flow velocity and
pressure are not known prior to solution of the flow problem. They are appropriate where the exit flow is close to a
fully developed condition, as the out flow boundary condition assumes a zero normal gradient for all flow variables
except pressure.

6

Results and Discussions

Validation study was carried out for, Profile 2 as shown in table 1. Simulations were carried out for Reynolds
number of Re =100, 1000 and zero angle of attack for profile 2. These results are compared with Anwer et al
(2013). The global parameters, CD, CL were calculated and were well in agreement with results of Anwer (2013).

Table 1:- Comparison of force coefficients for Profile 2, Anwer (2013)

Re

α
(AOA)

Lift Coefficient
CL
Present

Drag Coefficient
CD
Present

Lift Coefficient
CL
Anwer (2013)

Drag Coefficient
CD
Anwer (2013)

100
1000

00
00

0.174
0.221

0.41
0.121

0.172
0.216

0.399
0.119

In all twenty simulations were performed to determine the aerodynamic characteristics of spatio temporal dynamics
of a cut section of Aeshna Cyanea's wing has been performed at ultra low Reynolds numbers (100 to 1000) at
different angle of attacks ranging from 00 to 150. The effect of the Reynolds number on the gliding ratio is shown in
ﬁgure 5a, at Re 1000 and angle of attack 15 0, the largest gliding ratios are obtained. Figure 5b shows that invariably
at all Reynolds number, minimum Drag coefficient is obtained at AOA 15 0. The drag production leads to some
interesting observations. As expected, the overall drag coefficient increases as Re is decreased .because the viscous
effects are more dominant at lower Reynolds numbers which cause the skin friction to be the major contributor to
the overall drag. As the angle of attack is increased, drag coefficient further decreases.
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(a)

(b)

Figure 5:- (a) Comparison of Gliding Ratios for different Angle of Attacks (AOA), (b) Comparison of Average Drag Coefficient
for different Angle of Attacks (AOA)

(a)

(c)

(b)

(d)
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(e)
Figure 6:- Variation of mean Lift and Drag coefficient with Reynolds number for angle of attack (a) α =0 0, (b) α=50, (c) α= 100,
(d) α= 12.50 (e) α=150

It can be seen that as Reynolds no increased, lift coefficient increases for angle of attack 00 while CD decreases. For
angle of attack 50 and 100 both the coefficient decreases monotonically.While at 12.5 0 and 150, CL first decreases to
a minimum but then increases to a maximum value, while C D always decreases. It can be seen that as Reynolds no
increased, lift coefficient increases for angle of attack 0 0 while CD decreases. For angle of attack 50 and 100 both the
coefficient decreases monotonically.While at 12.50 and 150, CL first decreases to a minimum but then increases to a
maximum value, while CD always decreases as shown in figure 6.

6.1

Steady Flow:

The time histories of lift and drag coeffecient shows that for all angle of attacks at Re 100 and 200 shows that flow
remains steady. Same is the case for Re 500 and 1000 at 0 o and 5o angle of attacks. First unsteady flow was
encountered at Re 500 at 100 and similarly for Re 1000. The results shown here were obtained after running
simulations for around 5000 non-dimensional time units

(a)

(b)

(c)
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(d)

(e)

Figure 7:- Stream-traces at Re = 100 for (a) α= 00, (b) α= 50, (c) α= 100, (d) α=12. 50 , (e) α=150

(a)

(b)

(d)

(c)

(e)

Figure 8:- Stream-traces at Re = 200 for (a) α= 00, (b) α= 50, (c) α= 100, (d) α=12. 50 and , (e) α=150
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Effect of Angle of Attack:

It is seen in ﬁgure 7-8 the stream-traces on the pleated airfoil show that there is a trapped vortex in each cavity
which causes the overall ﬂow), who hypothesized that ﬂow would behave in such a way due to the trapped vortex
inside each cavity. Furthermore, the ﬂow separates just downstream of the tip of each corrugation and reattaches
just upstream of the tip of the next corrugation. The region between the separation and reattachment points is a
region with a re-circulating ﬂow and there is negative shear drag generated in this region, as shown in ﬁgure 7-8,
since these are the regions where the surface normal gradient in the tangential velocity is large. The pleated airfoil
is therefore able to produce total drag comparable to that of its smooth counterpart by reducing the shear drag as a
direct result of ﬂow reversal occurring in each cavity

(a)

(b)

(d)

(c)

(e)

Figure 9:- Pressure contours at Re = 100 for (a) α= 00, (b) α= 50, (c) α= 100, (d) α=12. 50 and , (e) α=150
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(b)

(d)

Vol.3 Issue.3,

(c)

(e)

Figure 10:- Pressure contours at Re = 200 for (a) α= 00, (b) α= 50, (c) α= 100, (d) α=12. 50 and , (e) α=150

The observations of demonstrated that pleats cause an increase in negative pressure on the upper surface of the
proﬁle and, thus, an increase in lift production Vargas (2008). This can be clearly seen in figure 9-10 which shows
pressure contours as a function of angle of attack. The negative pressure is found in all proﬁle valleys, regardless of
the proﬁle side. This is contradictory to our observations. We found that, in all the cases pressure on the upper side
of the pleated airfoil remains negative while at the lower side, it always remains positive Kesel (2000). As the angle
of attack increases, drag force continue to decrease while lift force continuously increases. This is due to a larger
attached vortex on the upper surface of the airfoil. The decrease in drag is due to lower shear drag as the strength of
the trapped vortex in the pleats of the airfoil.
It is important to examine the effect of the Reynolds number on the airfoil performance since this has implications
of how well these wings would work for dragonﬂies (and MAVs) of different sizes. This issue is also important
from the point of view of use of such wings in micro-aerial vehicles. Therefore, a numerical study which focuses
on the effect of the Reynolds number on the foil performance was conducted . A comparison of lift, drag
coefficients and glide ratio was shown in figure 5. at Re =100, C L = 0.545, CD = 0.3783 and r is 1.44. As the
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Reynolds number is doubled to 200, the lift decreases marginally to 0.5 but drag decreases by 0.1 approximately to
0.2514 while glide ratio increases to 2.0. Now, as Re is increased by a factor of 5 to 500, the lift still decreases
marginally to 0.48 but drags decreases by 0.1 approximately to 0.12 and glide ratio reaches 3.27. Further, as Re is
increased to 1000, the lifts still decreases marginally to 0.4 and drag also decreases marginally to 0.1 and glide ratio
reaches 3.65. Vargas (2008) also report similar observations. They also confirmed that glide ratio has a
monotonous behaviour for pleated airfoil in this ultra Reynolds number regime

6.2

Unsteady Flow:

The flow is found to unsteady and periodic at Re-500 and Re-1000 at AOA 100, 12.50, and 150. It was found that as
Reynolds number is increased then strouhal number also increased

(a)

(b)

Figure 11:- Time variation coefficient of (a) Drag (b) Lift at Re-500 AOA12.50

(a)

(b)

Figure 12: Time variation coefficient of (a) Drag (b) Lift at Re-500 AOA150
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(b)

Figure 13:- Time variation coefficient of (a) Drag (b) Lift at Re-1000 AOA100

(a)

(b)

Figure 14:- Time variation coefficient of (a) Drag (b) Lift at Re-1000 AOA150

When we analyze the Reynolds no of 500 and 1000 with angle of attack (10 0, 12.50, 150) it shows the unsteadiness
because of variation of CD and CL values. The time history of CL and CD for these cases is shown in Figure 11-14.
The pleated airfoil reaches a maximum CL = 1.048 at Re-1000 with angle of attack 150 and minimum CL=0.1715 at
Re-100 with angle of attack 00. Whereas the maximum value of CD =0.4 at Re-100 with angle of attack 00 and the
minimum value of CD= 0.0873 at Re-1000 with angle of attack 150
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t=5

t=10

t=15

t=20

t=25

Vol.3 Issue.3,

t=30

Figure 15:- Streams Lines at dimensional less time units illustrating of the pleated airfoil 1000 at (AOA 15 0)
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The stream lines of Re-1000 at Angle of attack 150 as shown in figure-15. In this figure when we increase the
dimensional less time unit at every t=5. Then attached vortex increased in leading edge, while there is no change in
vortex in trailing edge, so according to figure 15 increased in attached vortex, increased in lift coefficient. So the
maximum attached vortex is found in Re-1000 at angle of attack 150.

7

Structure Analysis:

(a)

(b)

Figure 16:- (a) Variation of deflection and AOA, (b) Variation of deflection and Re

The result in the form of lift and drag forces are then fed into the ANSYS Workbench solver and one way Fluid
Structure Interaction analysis is performed. Wing deformation leads to substantial power economy for lift
production Young et al., (2009). Figure 16 (a) shows the variation of deflection and angle of attack. It is seen to be
that deflection is increased with increasing the Reynolds Number with their angle of attack. The maximum
deflection occur in Re-1000, angle of attack 150 i.e. 9.2597x1 0 - 3 mm and minimum value of deflection occurs
in Re-100 with angle of attack 00 i.e.1.4618 x 10-4 mm.

8

Conclusions

In this work, we investigated fluid structure Interaction for spatio-temporal dynamics of a cut section of Aeshna
Cyanea's wing. Numerical simulations were performed at ultra low Reynolds numbers (100 to 1000) at different
angle of attacks ranging from 00 to 150. The results give a satisfactory measure of confidence in the fidelity of the
simulation. It was found that for all the simulations performed flow always remained steady at Re 100 and 200.
First unsteady flow was obtained at Re 500 and AOA 10o. But flow always remained steady at AOA 0 o and 5o for
all the Reynolds numbers. The deformation of the dragonfly wing airfoil was measured to the effect of wing
deformation on the aerodynamic performance of the dragonfly wing, the deflection is increased when we increased
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the Reynolds Number with increase their angle of attack and the maximum deflection occur at Re-1000, angle
of attack 150 i.e. 9.2597x1 0 - 3 mm.
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