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ABSTRACT

A Micro Aerial Vehicle developed at the Delft
University of Technology (DelFly II) uses fap-
ping wings to produce the forces needed for for-
ward fight and hovering. The DelFly II is in-
spired by the dragonfy with two fexible wings
making a ’clap-and-peel’ motion at each side of
the body. In this paper the infuence of wing
fexibility and the ’clap-and-peel” motion (one
versus two wings) on the upward (lifting) force
in hover is studied. CFD simulations based
on the ALE Navier-Stokes equations together
with radial basis function mesh interpolation are
used. For the ’clap-and-peel” motion an im-
mersed symmetry plane is introduced into the
computational domain. The fexible shapes of
the wing are obtained from experiments. Pre-
liminary results are shown for a fexible and an
equivalent rigid wing. These results show that
the use of a fexible wing increases the upward
force for both the single wing motion and the
’clap-and-peel” motion. The ’clap-and-peel” mo-
tion increases the upward force per wing for both
the fexible and rigid wing when compared to
the single wing making the same motion. From
the preliminary results it can be concluded that
f exibility enhances the production of the upward
force.

1 INTRODUCTION

Aerodynamic characteristics of fapping fight have been
extensively studied during the past years (e.g. [1]). First only
the main physical phenomena were investigated, such as the
importance of the leading edge vortex [2]. More recently
also the infuence of fexible deforming wings has been the
subject of these studies [3], for which CFD simulations have
been increasingly used as an analytical tool. In [4, 5] a more
fundamental study on fexibility showed the potential bene-
fts of fexible wings over rigid wings. In these studies it is
concluded that wing fexibility can be tailored such that the
forces produced are higher than with a rigidly moving wing.
In 2005 a fapping MAV was developed at the TU Dellft,
named the DelFly [6], which has been used to study fapping
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fight. In [7] a frst analysis of the aerodynamics of the hover-
ing DelFly II has been made by use of PIV experiments. Af-
ter this a study on the aerodynamics of different wing designs
using again PIV experiments has been performed [8]. At the
same time [9] studied several aspects of f apping wings using
CFD simulations with moving meshes.

In this study the infuence of wing fexibility and the ’clap-
and-peel’ motion on the upward (lifting) force in hover condi-
tions is investigated using two-dimensional CFD simulations.
To determine the inf uence of wing f exibility a wing with im-
posed fexibility and an equivalent rigid wing are simulated.
Chord wise wing deformation of the DelFly II wing has been
measured at several span wise locations [8]. These deformed
wing shapes are used in this study to simulate the f exibility of
the wing. In this study the novel approach is taken by enforc-
ing the wing shapes instead of using full fuid-structure inter-
action. The interaction from the fuid to the structure is ab-
sent, which eliminates the necessity of a structural model of a
complex 3D wing translated to 2D. However due to this there
is no damping in the acceleration imposed from the wing on
the f uid.

Earlier studies showed that the ’clap-and-peel’ motion greatly
enhances the upward force in fapping fight [10, 11]. In this
study the infuence of the ’clap-and-peel” motion on the up-
ward force produced is investigated by comparing results for
a single wing and a wing close to a mirror plane to model the
presence of a second wing. The Reynolds number is relevant
for MAV’s (around 7000) and the imposed f exibility is based
on a real wing of the DelFly II. For the ’clap-and-peel’ mo-
tion a newly developed method is used based on a immersed
symmetry plane together with mesh topology adjustments.

2 METHODS

The method to simulate the fapping wing is by solv-
ing the Arbitrary Lagrangian-Eulerian form of the unsteady,
incompressible, laminar Navier-Stokes equations in Open-
FOAM, which uses f nite volume discretisation [12]. For the
mesh movement radial basis function (RBF) mesh interpo-
lation is used [13]. An immersed boundary method is used
to impose symmetry plane conditions in the f ow in case of
*clap-and-peel” motion.

2.1 2D incompressible flow simulations

Fluid f ows are described by the Navier-Stokes equations.

In case of small f apping wings, the Reynolds and Mach num-

ber may be small enough that the unsteady, incompressible,
laminar Navier-Stokes equations can be used [9, 14, 15]. For



Proceedings of the International Micro Air Vehicles conference 2011 summer edition

now, only two-dimensional simulations are performed.

Since hovering is considered close attention should be given
to the boundary conditions, because vortices shed by the wing
are not convected downstream but can also leave the domain
through the sides. Because of the zero velocity as far feld
condition, in and out f ow can occur at the same place at dif-
ferent times. To achieve this the pressure and the velocity
are coupled at the boundary by using a total pressure bound-
ary condition. The total pressure at the boundary is set to a
constant value and depending on the f ow velocity the static
pressure is set. The direction of the f ow at the boundary is set
based on the pressure difference at the boundary. When the
pressure difference at the boundary indicates an outward fux
this is coupled to the velocity by imposing an outward f ow
and vice versa. In this way the pressure and velocity can vary
at the boundary in time and also cope with vortices leaving
the domain. Other settings for OpenFOAM can be found in
Table 1.

Setting Values

p solver Algebraic multi-grid

p tolerance le=”

U solver BiCGStab

U tolerance le=®

PISO loops 2

Non-orthog. cor. 1 (only for double wing)
Courant nr. 0.4

% Backward differencing formula (2"%)
\% Gaussian (2"%)

Ve Gaussian Gamma differencing (2"¢)
V2 Gaussian linear corrected (2"¢)
Mesh 59906 cells

Coarse mesh 15314 cells

Table 1: Settings for OpenFOAM.

To simulate the moving and deforming wing the mesh
should deform accordingly. To accomplish this the Ar-
bitrary Lagrangian-Eulerian (ALE) Navier-Stokes equations
are used.

2.2 ALE Navier-Stokes with OpenF OAM

Simulating the fuid fow around fapping wings is done
by using the Arbitrary Lagrangian-Eulerian Navier-Stokes
equations [16]. The Eulerian description is still used for the
fuid, but the moving mesh is described using the Lagrangian
method. In Equation (1) the momentum equation of the un-
steady, incompressible, laminar ALE Navier-Stokes is shown.
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Two terms in these equations are different from the standard
momentum equation. Firstly the temporal term, which is dif-
ferent because the derivative cannot be placed inside the in-
tegral as the volume does change over time. Secondly in
the convective term the mesh velocity can be found. Due to
the movement of the faces an extra fux is created through
the faces. Both these terms are caused by the movement of
the mesh through the fuid and the deformation of the mesh
cells. A (detailed) description on how this is used to simulate
moving body aerodynamics can be found in [9]. For a more
(detailed) description on the implementation in OpenFOAM,
please see [17]. The reason for using this method is clearly
explained in [18], which shows that as long as remeshing is
not needed the ALE Navier-Stokes should be used to simu-
late moving and deforming body aerodynamics. Since only
the movement of the wing is known the movement of the rest
of the mesh should be interpolated based on the wing move-
ment. This is done with radial basis function (RBF) mesh
interpolation [13].

= / @dv (1)
Ve

2.3 RBF mesh interpolation

Besides the equations to model the fuid, also an algo-
rithm is needed to deform the mesh based on the wing move-
ment. In [13] it is shown that RBF mesh interpolation is a
promising mesh movement algorithm when considering the
mesh quality and the simplicity of the implementation. Espe-
cially in rotation the RBF mesh interpolation performs better
than alternative methods available in OpenFOAM [9]. In the
f apping wing kinematics typically large rotations are present
and therefore the RBF mesh interpolation is chosen as method
for deforming the mesh based on the movement of the wing.
RBF mesh interpolation is based on smooth interpolation
from known displacements of the control points to the rest of
the f eld using radial basis functions. In this study the control
points are chosen such that the simulated wing is deformed as
the wing shapes from the experiments. For the basis function
evaluations only the euclidean distance between each control
point and each internal point is needed. So no grid connec-
tivity is needed, which makes this method easy to implement.
RBF mesh interpolation provides a robust and easy method
to deform the mesh smoothly when only the movement of the
body is known. For more details on this method see [13].

2.4 Mesh quality in time

During the complete f apping period the mesh should pre-
serve its quality to ensure reliable computations. By means
of skewness and non-orthogonality the mesh quality is mea-
sured during a full period to determine which control points
should be used. Since the DelFly II wing, which is made of a
thin f exible foil, has a very small thickness a ’zero-thickness’
wing is used in the simulations. In CFD simulations using
OpenFOAM a ’zero-thickness’ wing can be modelled by cre-
ating two rows of faces connected to the same points, but with
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(a) Single row. (b) Double row.

Figure 1: Resulting deformed meshes for a single row and
two rows of control points.

there normals opposite to each other. The control points are
directly related to the wing shape. Since the wing has a ’zero-
thickness’ a single row of points can describe the movement
of the wing. However as can be seen in Figure 1a, which dis-
plays the mesh close to the wing (white line) and the used
control points (red dots), using just a single row of control
points does not provide the best results in terms of mesh qual-
ity as the cells become skewed. Only the translation of each
point is captured by the RBF mesh interpolation when using a
single row of control points. By introducing a second row of
control points close to the wing and perpendicular to the lo-
cal wing shape, the rotation of the wing is interpolated to the
rest of the mesh. This ensures that the cells close to the wing
stay perpendicular to the wing, while the rotation is smoothly
reduced when moving further away from the wing. This can
be seen in Figure 1b. Figure 2 shows the mesh skewness and
non-orthogonality for one full fapping period for both a sin-
gle row of control points and two rows of control points.
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Figure 2: Mesh quality characteristics for single and double
row of points.

Non-orthogonality is measured by the angle between the
cell centres line (between two cell centres) and the normal of
the intermediate face. The degree of skewness is measured
as the distance between the face centre and the cross point
between the face tangent and the cell centres line. This dis-
tance is then normalised with the magnitude of the cell cen-
tres line. A schematic explanation can be found in [9]. In

94

OpenFOAM meshes are considered of bad quality when the
non-orthogonality is larger than 70 degrees or skewness ex-
ceeds 4.0. Considering these two criteria it can clearly be seen
that two rows of control points are needed to ensure a good
mesh quality during the complete f apping motion. Therefore
in all simulations two rows of control points are used. It is
clear that RBF mesh interpolation can provide a robust mesh
deformation while preserving the original mesh quality.

3  WING SHAPES

The wing shapes are extracted from experiments at spe-
cif ¢ points in time during a full f apping period. Splines are
used to construct the wing shapes in space from the PIV im-
ages for specifc points in time. Fourier series are used to
interpolate the shape in time.

3.1 The PIV results

From the PIV experiments the chord wise shape at differ-
ent span-wise locations of the DelFly II wing is obtained [8].
The fapping frequency is 11 Hz, which is characteristic for
the DelFly II. At 71% of the span (with a chord of 7.4 cm) 50
shapes in time have been recorded for one full period. Spline
interpolation is used to interpolate the wing shape in space for
each specif ¢ point in time. In Figure 3 the resulting splines,
representing the wing shapes, are shown for the out-stroke or
peel’ phase.

™N

Figure 3: Deforming wing shape for out-stroke obtained from
experiments.

3.2 Interpolation in space

For RBF mesh interpolation discrete points in space are
needed to function as control points. These discrete points
are obtained from the spline interpolations in space. From
the continuous description using splines any number of dis-
crete points can be chosen along the wing. Sixty uniformly
distributed points along the wing are used as control points
for the RBF mesh interpolation. Next step is to interpolate
these points in time.

3.3 Interpolation in time

A requirement for the interpolation in time is that the ac-
celeration (second derivative of the interpolation in time) is
continuous. If this requirement is not met numerical oscilla-
tions will occur in the simulation due to the temporal term in
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the Navier-Stokes equation. The temporal term is indirectly
related to the pressure gradient. Due to the high accelera-
tions at the wing a high pressure gradient will be present at
the wing causing an immediate increase in pressure and thus
in the forces. For the interpolation in time Fourier series are
used, which ensures that the second derivative is continuous
and that the function is periodic. For each coordinate from
each control point a Fourier series interpolation is performed
in time. In total 120 Fourier series interpolation in time are
needed for the 60 points in space. However how many Fourier
modes must be taken to interpolate in time? Increasing the
number of modes will increase the accuracy of the interpo-
lation through the measured data points, but as the measured
data points contain scatter from measurements errors, it will
also increase the dominating frequency in the acceleration.
High frequencies in the acceleration induce non-physical os-
cillations into the simulation, which should be prevented at
all times.

3.4 Influence of shape interpolation

To determine how many modes must be used both the po-
sition error and the infuence of the acceleration frequency
is studied. In Figure 4 the position error with respect to the
control points obtained from the experiments is shown for the
interpolation in time by means of the maximum normalized
maximum error and the maximum normalized 2-norm error.
For the normalisation the stroke amplitude is used, which is
equal to 8 cm. The 2-norm error is also normalised by the
number of points.

‘ —— Max normalized maximum error —— Max normalized 2-norm error\ -3

0.2r %10
5 7,
£ <
[0) =
0.15r 60
5 £
= 5%
g o
L el
o 0.1 48
5 5
£ SE
£ S
<] c
<€ 0.05¢ 25
?é [0}
s =
0 ‘ ‘ ‘
0 5 10 15 20

# Fourier modes

Figure 4: Maximum normalised maximum interpolation error
vs. # Fourier modes.

It is clear that both the errors decrease when the number
of Fourier modes is increased. When more than 7 modes are
used the errors seems to level off and thus using 7 modes for
interpolation can be considered suff cient in terms of position
error. However using higher modes has a signif cant inf uence
on the acceleration of the wing.

In Figure 5 the acceleration in the x-direction of the leading
edge is shown for 4, 7 and 10 Fourier modes together with the
acceleration of the control point obtained by fnite differenc-
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ing. The dominating frequency in the acceleration is equal to
the highest mode used in the Fourier interpolation. In Figure
6 the periodic average of the upward force for 4, 7 and 10
Fourier modes can be seen. This periodic average is obtained
by averaging the force over period 6 till 44.
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Figure 5: Leading edge acceleration for different number of
Fourier modes.
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Figure 6: Upward force for different number of Fourier
modes.

The dominating frequency in the upward force is equal
to the dominating frequency in the acceleration of the wing,
which is determined by the highest Fourier mode. Earlier
studies (e.g [2]) showed that vortex development and shed-
ding and not the frequency of the wing’s acceleration is dom-
inating the force variation. Using the higher Fourier modes
for interpolation introduces non-physical oscillations in the
pressure f eld and consequently in the forces. To prevent this
a DelFly II like wing is simulated by using 4 Fourier modes.
This still ensures that general shape of the fexible wing is
captured, while the introduction of high frequency oscilla-
tions is limited. Further investigation into the selection of the
number of Fourier modes is done at a later stage by carefully
determining which oscillations are caused by the acceleration
and which by the vortex behaviour.
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4 FLEXIBLE VS. RIGID

The infuence of the wing fexibility is studied compar-
ing results of the f exible wing with an equivalent rigid wing.
Both the upward force and the vortex development and shed-
ding is compared.

4.1 Equivalent rigid wing

To determine the infuence of the deforming shape an
equivalent rigid wing is needed. No DelFly II experiments
were conducted with rigid wings. Therefore an equivalent
rigid wing is constructed based on the leading edge and trail-
ing edge movement of the fexible wing. The leading edge
motion of the rigid wing is equal to that of the f exible wing.
Drawing a line from the leading edge to the trailing edge of
the fexible wing gives the direction which is used as pitch
angle. With these two parameters (leading edge location and
pitching angle in time) and the constant wing length (7.4 cm)
the equivalent rigid wing can be modelled during the com-
plete fapping period. In Figure 7 both the fexible and the
equivalent rigid wing are shown for different moments in time
during the out-stroke.
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Figure 7: Flexible and equivalent rigid wing.
4.2 Results

For the rigid and fexible wing the forces are calculated
for several periods. In total 44 periods are simulated for each
calculation. A periodic average is calculated from periods 8
till 44. In Figure 8 the periodic average of the upward force
is shown for the three wings. The dashed line is the average
force of the period.

Comparing the two wings it can be seen that the average
force is higher for the fexible wing. For a large part this is
caused by the dip in force for the rigid wing at the start of
the out-stroke (around 22% of the fapping cycle). In Figure
9 the vorticity feld of the fexible wing is shown at 22% of
the period. When this is compared to Figure 10, which is
the vorticity feld for the rigid wing at the same time, a clear
difference is found.

For the fexible wing the leading edge vortex is being
formed and the trailing edge vortex is relatively small, caus-
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Figure 8: Periodical average of the upward force for the three
wings.

Figure 9: Vorticity feld for fexible wing at 22% of the pe-
riod.

ing a positive upward force. A different situation is found
for the rigid pitching wing. Here the frst leading edge vortex
is already shed due to the interaction with the leading edge
vortex of the in-stroke, while the trailing edge vortex is still
attached and already larger than the one of the fexible wing.
Due to this difference the f exible wing produces a signif cant
amount of lift, while the rigid wing has a dip in the upward
force. At a later stage (around 40% of the period) the f exible
wing start to lose lift due to the developed trailing edge vor-
tex and shedding of the leading edge vortex. Here the rigid
wing performs better due to the shedding of the trailing edge
vortex and the development of a 'new’ leading edge vortex.
Here the complex behaviour of interacting vortices leads to
the difference in forces. The shape of the wing does have a
signif cant infuence on how the vortices develop during the
fapping cycle.

5 °’CLAP-AND-PEEL’ MOTION

How the ’clap-and-peel” motion infuences the upward
force production and the vortex development and shedding,
is studied by comparing the results of two wings clapping
and peeling together with the results obtained in the previous
paragraph using a single wing. The wing shapes of the DelFly
obtained from the experiments are recorded during the ’clap-
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Figure 10: Vorticity feld for the rigid wing at 22% of the
period.

and-peel’ motion and can thus be used in this simulation. In
Figure 11 the ’clap-and-peel’ motion is illustrated by means
of the wing shapes obtained from the experiments.

Clap

WION

Peel

W

Figure 11: *Clap-and-peel” motion.

By adding a ’second’ wing making the mirrored motion
the ’clap-and-peel’ is created as can be seen in Figure 11.
This can again be done for both the rigid wing and the f exi-
ble wing. However the ALE Navier-Stokes method presented
earlier has diff culties when two bodies are moving towards
each other. Especially when they almost touch each other the
cells become very small, which is undesirable. Due to this
the mesh quality cannot be preserved any more. Because the
’clap-and-peel” motion of the two wings is symmetric, a sym-
metry plane together with a single wing performing this mo-
tion models the ’clap-and-peel’ motion. To impose the sym-
metry conditions on the correct location an immersed symme-
try plane (based on the immersed boundary method) together
with mesh topology adjustments near this symmetry plane is
used.
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5.1 Immersed symmetry plane

Several approaches are available to implement the im-
mersed boundary method [19, 20]. The basis (cell identif -
cation) for this method used for this study is developed by
Zeljko Tukovic, University of Zagreb, Croatia. A method
based on the cut-cell fnite volume approach as explained
in [20] is implemented. The immersed symmetry plane cuts
through a certain set of cells. By changing the shape of these
cells an actual fnite volume boundary is created in the mesh.
In this way the boundary conditions, which are zero gradi-
ent for the pressure and slip for the velocity, are enforced at
the correct location. Also the boundary conditions are im-
plemented implicitly in the equations in the same way as a
for a normal mesh boundary. Each time step this procedure
is repeated, because the mesh moves through the immersed
symmetry plane. This method is chosen because the mesh
quality is not compromised in most of the mesh because the
ALE approach with RBF mesh interpolation can still be used.
Only the symmetry boundary cells are temporarily changed in
shape, which might lead to non-orthogonal cells. In the pre-
liminary results a gap of 3.5% of the chord is used between
the wing and the symmetry plane, but the gap can be as small
as a single mesh cell. Preliminary results are generated us-
ing this method. Further development and validation of this
method will be done at a later stage.

5.2 Preliminary results

For both the rigid and the fexible wing results are ob-

tained in terms of the periodic upward force averaged over 38
periods and the vorticity felds. For these simulations only the
coarse mesh is used to reduce the computational time, since
parallel computing is not yet available. The maximum differ-
ence between the two meshes in the periodic averaged upward
force for a single wing is 5%. Therefore the coarse mesh can
be used for these simulations.
In Figure 12 the periodic average upward force is shown for
four cases: the fexible single wing, ’double’ fexible wing,
rigid single wing and the ’double’ rigid wing. The forces
shown here are per wing and the dashed line is the integrated
force during the single average cycle.

From these results it can be seen that there is a signif cant
difference between the single wing and double wing results.
For both the rigid and f exible wing using the ’clap-and-peel’
motion increases the upward force produced per wing. More
over the difference between the rigid and the fexible wing
increases when the ’clap-and-peel” motion is applied. For
the rigid wing the increase compared to the single wing is
approximately 30%, while for the f exible wing it is close to
40%. ’Clap-and-peel’ with the f exible wings results in 30%
more lift per wing compared to the rigid "clap-and-fing’. As
seen in the single wing cases the development of the leading
edge vortices and trailing edge vortices during the out-stroke
are of vital importance for the difference in force production.
At 30% of the period (in the middle of the out-stroke) the
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Figure 12: Periodic average upward force for four cases.

difference between the rigid and f exible wing can clearly be
seen in case of the ’clap-and-peel’ motion. In Figure 13 the
vorticity plot of the fexible wing is shown, while in Figure
14 the vorticity of the rigid wing is displayed.

Figure 13: Vorticity feld for the fexible wing at 30% of the
period with immersed symmetry plane.

Figure 14: Vorticity feld for the rigid wing at 30% of the
period with immersed symmetry plane.

These plots show that for the rigid wing the leading edge
vortex is already shed at this stage, while for the f exible wing
this large leading edge vortex is still attached. At a later
time in the period the trailing edge vortex will be shed ear-
lier for the fexible wing compared to the rigid wing. These
two phenomena explain the higher upward force for the f ex-
ible wing. When compared to the single wing vorticity plots
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(even though they are at different times in the f apping cycle)
the main difference is the size and the strength of the leading
edge vortex. Due to the strong suction over the leading edge
during the ’peel’ movement a larger leading edge vortex is
created when performing the ’clap-and-peel” motion.

6 CONCLUSIONS AND FUTURE WORK

In this paper the infuence of wing fexibility and the
’clap-and-peel” motion on the upward force in hover is stud-
ied. A single wing, both rigid and f exible, has been simulated
using the ALE approach with RBF mesh deformation. The
clap-and-peel motion is simulated using an immersed sym-
metry plane together with the ALE approach for both the f ex-
ible and rigid wing. From the preliminary results the follow-
ing conclusions can be drawn.

e The method of ALE Navier-Stokes together with RBF
mesh interpolation provide good mesh quality during
the complete fapping cycle when two rows of control
points are used.

e Interpolation of the DelFly II wing shapes inf uences
the frequency of the resulting forces. This is caused by
the acceleration of the wing which is dominated by the
highest frequency.

e Both the single wing simulations and the ’clap-and-
peel’ simulations show an increased upward force for
the fexible wing compared to the rigid wing. This is
mainly caused by early vortex shedding of the leading
edge vortex during the out-stroke for the rigid wing.

e For both the fexible and rigid wing the ’clap-and-peel’
motion increases the upward force per wing signif -
cantly due to the increased size and strength of the lead-
ing edge vortex during the out-stroke.

Even though several preliminary conclusions can already
be drawn from these results, further studies are needed. The
following topics are considered for future analysis.

e Validation of the immersed symmetry plane method by
comparing to other methods.

e Simulating different equivalent rigid wings to compare
to the fexible wing. It is well known that the pitch
angle is important in f apping wings.

Due to the absence of f uid-structure interaction no damp-
ing is present in the movement and deformation of the wing.
Two-dimensional simulations are known for the earlier shed-
ding of vortices compared to three-dimensional simulations.
Therefore a complete three-dimensional fuid-structure sim-
ulation together with an experimental study would create an
even better insight in the physics. However this study showed
which methods can be used for the simulation of the ’clap-
and-peel’ motion and gives a good insight into the physics of
’clap-and-peel” with fexible and rigid wings.
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