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Unsteady aerodynamics of a rigidflappingwing at aReynolds number of 10,000 for forwardflightwith an advance

ratio of 0.5 is analyzed. A spiral leading-edge vortex with a strong spanwise flow along its core is formed during the

downstroke, resulting in a peak lift and thrust. A negative spanwise flow formed due to the tip vortex prevents the

removal of vorticity from the leading-edge vortex, leading to instability and separation of the leading-edge vortex.

Analysis of different rotation timings shows that supination results in the leading-edge vortex formationnear thebase

and its strength depends on the flapping velocity. A stronger vortex is formed for advanced rotation and it generates

high lift. Delayed rotation affects thrust production during translation and results in low propulsive efficiency.

Analysis of rotation duration shows that shorter rotation results in high instantaneous lift values, whereas continuous

long-duration rotation results in high thrust andpropulsive efficiency.Analysis of different angles of attack show that

a moderate angle of attack, which results in a high thrust-to-lift ratio and complete shedding of the leading-edge

vortex at the end of translation, is required for high propulsive efficiency.

Nomenclature

ai = contravariant basis vectors
C = midspan chord length
CL = coefficient of lift
CT = coefficient of thrust
F = force acting on the wing
f = frequency of flapping���
g
p

= Jacobian of the transformation
gij = contravariant metric tensor���
g
p

Uj = contravariant flux vector���
g
p

Uj
g = contravariant flux due to grid movement

J = advance ratio (U1=Uf), ratio of the flight velocity to
the flapping velocity

P = power
p = pressure
R = semiwingspan
Re = Reynolds number (Ufc=�)
Ret = inverse of the turbulent viscosity
Uf = flapping velocity; 2�fR
U1 = freestream velocity, forward-flight velocity
ui = Cartesian velocity vector
ugi = Cartesian grid velocity vector
x = physical space coordinate
� = angle of attack
� = stroke plane angle
�prop = propulsive efficiency
� = kinematic viscosity
� = computational space coordinate
� = torsional angle
� = shear stress on the surface of the wing
� = total flapping amplitude (maximum to minimum)
� = flapping amplitude
� = angular velocity
! = vorticity

Subscripts

d = downstroke
eff = effective
u = upstroke
x, y, z = fixed reference frame
�, �, 	 = rotating reference frame

I. Introduction

M ICRO air vehicles (MAVs) typically have dimensions of less
than 15–20 cm with gross takeoff weights of around 100 to

200 g andflight speeds of around 10–15 m=s, which corresponds to a
Reynolds number range between 10,000 and 100,000. At these low
Reynolds numbers, the aerodynamic efficiency (lift-to-drag ratio) of
conventional fixed airfoils rapidly deteriorates [1]. The chief reason
for the deterioration in performance is that at lowReynolds numbers,
the boundary layer remains laminar downstream of the location of
minimum pressure on the airfoil, making it very susceptible to flow
separation as the angle of attack increases, resulting in an early onset
of stall (Carmichael [2]). In addition, because of the low-aspect-ratio
wings used in MAVs, the tip vortex covers a major part of the wing
and the aerodynamic performance is greatly affected by the shedding
of the tip vortices (Pelletier andMueller [3]). On the other hand, birds
and insects for which the flight regime coincides with that of MAVs
use flapping wings to provide both lift and thrust efficiently. They do
this by taking advantage of unsteady flow mechanisms using wing
kinematics evolved over millions of years. The kinematics involved
in normal flapping flight are divided into two translation motions
corresponding to up- and downstrokes and two rotational motions
(pronation and supination) corresponding to stroke reversals.
Pronation is achieved before the downstroke and supination is
achieved before the upstroke. Figure 1 shows the critical kinematic
parameters of flapping flight, with their definitions given in Table. 1.

A number of unsteady aerodynamic mechanisms such as clap and
fling [4], delayed stall [5,6], wake capturing [7], and rotational
circulation [7] have been proposed to explain the generation of lift in
birds and insects. Among these, the delayed-stall mechanism
involves the formation of a stable leading-edge vortex (LEV) and is
the primarymechanismused bymost birds and insects for production
of lift and thrust during the translational period. During the
downstroke, air swirls around the leading edge and forms aLEV.This
LEV increases the bound vortex circulation and hence the lift. In a
fixed airfoil, the formation of the LEV leads to dynamic stall within
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three–four chord lengths of travel. However, in insects, the LEV is
stable for the entire downstroke, and during this period the insect
covers a distance of more than eight chord lengths.

The stability of the LEV plays an important role in the superior
performance of birds and insects. Many experimental studies have
evaluated the duration and stability criteria of the LEV. Dickinson
and Götz [5] analyzed the effect of angle of attack during the
translation period on lift and drag production using a two-
dimensional-wing model (Re� 192). They found that the LEV was
generated at an angle of attack above 13.5 deg, due to impulsive
movement, and stayed attached for two chord lengths of travel. The
presence of the LEV resulted in an 80% increase in lift, similar to that
of detached vortex lift for a delta-wing aircraft. The shedding of the
LEV led to the formation of a secondary vortex of opposite sign near
the trailing edge, correlating with a decrease in lift. Further, the study
found that up to an angle of attack of 54 deg, the lift characteristics
remain unaltered by the change in camber. Wang et al. [8] compared
results obtained from two-dimensional numerical simulation of a
hovering fruit fly with three-dimensional results from a dynamically
scaled mechanical model (Re� 75 to 115). They found that the
numerical results matched well with three-dimensional results for
cases with a short downstroke length. In the case of hovering insects,
the stroke length is only three to five chords, during which the LEV
remains attached to the wing even for two-dimensional cases. When
the downstroke is longer than a typical stroke length, the two-
dimensional cases showed a phase differencewith three-dimensional
results and resulted in lower lift coefficients.

Ellington [9] conducted flow-visualization studies using a large
mechanical model of a hawk moth, flapper (Re� 4000). An intense
LEV on the downstroke at all flight speeds (0.4 to 5:7 m=s) was
observed. The LEV spiraled out toward the wingtip with high
spanwise velocities comparable with the flapping velocity, which
stabilized the vortex. The flow structure obtained was similar to the
conical leading-edge vortex found in delta wings. He suggested that
the strong spanwise flow was created either by the pressure gradient,
formed due to the velocity gradient along the flapping wing, or by
centrifugal acceleration in the boundary layer, or by the induced
velocity field of the spiral vortex lines. Liu et al. [10] analyzed the
flapping flight of a hovering hawk moth at Re� 3000 to 4000 using

the finite volume method. The study showed the formation of a LEV
during both upstroke and downstroke, which stayed attached to the
wing during the entire translational and following rotationalmotions.
The combined translation and rotation deformed the vortex, which
led to shedding of the LEVat the start of the next translation motion.
The spanwise flow, created due to spanwise pressure gradient,
stabilized the LEV until 70% of the span. During the second half of
the downstroke, a secondary LEV formed at 75% span, which was
unstable and strongly affected by the presence of the tip vortex. The
LEV formed during the upstroke was weak and closely attached to
the leading edge. The study showed that the lift force was produced
mainly during the entire downstroke and the later part of the
upstroke.

Dickinson et al. [7] conducted flow-visualization studies using a
dynamically scaled version of a hovering fruit fly, robotic fly, at
Re� 136. They compared the force coefficients obtained by the
robotic fly with a two-dimensional model wing and found that the 3-
D model produced high average lift and thrust coefficients. The
experimental investigation of Birch and Dickinson [11] provided
contrasting proof for the stability of the LEV at low Reynolds
numbers (100–250) relevant to small insect flights. They conducted
experiments with fences and baffles on the top surface of the wing
and showed that the LEV remains attached to the wing despite the
absence of spanwise flow. They proposed that the downward velocity
created by the tip vortices limited the growth and subsequent
detachment of the LEV. Birch et al. [12] investigated flow structures
and forces generated at low and high Reynolds numbers (Re� 120
and 1400). In both cases, a stable LEV was present throughout the
downstroke. At Re� 1400, they observed strong spanwise flow
within the core of the LEV, with velocities of 150% of that of the
flapping velocity. The spanwise flow removed the vorticity into the
wake and resulted in a spiral LEV similar to that observed by
Ellington [9]. However, at Re� 120, the spanwise flow was absent,
which resulted in lower forces. Miller and Peskin [13] studied the
effect of Reynolds numbers (8 to 128) on the formation of the LEV
using the immersed-boundary technique. At Re < 32, the LEV
(negative-pressure region) and trailing-edge vortices (positive-
pressure region) remain attached, which resulted in lower lift. At
Re < 64, they observed shedding of the trailing vortex during
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Fig. 1 Kinematic parameters.

Table 1 Kinematic parameters and nondimensional numbers for flapping flight

Parameters Description

Stroke plane The plane defined by three points: wing base B, wingtip at maximum TT , and minimum angular position TB.
During hovering the stroke plane will be near horizontal, and during forward flight it will be vertical.

Stroke plane angle � Angle between the stroke plane and the horizontal plane. It ranges from 0 deg for hovering to 90 deg for forward flight.
Angle of attack � Angle between the wing direction (from trailing edge to leading edge) and the direction of motion.
Torsional angle � Angle between the wing direction and the direction perpendicular to the stroke plane.
Flapping amplitude � Angle between the leading edge of the wing and the plane perpendicular to the stroke plane.
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translation, which resulted in vortical asymmetry, leading to high lift
production.

Shyy and Liu [14] carried out a computational fluid dynamics
(CFD) analysis of a fruit fly (Re� 120) and a hawk moth (Re�
6000) using wing–body models. For the fruit fly, they observed a
stable LEV connected with the tip vortex throughout the translation,
whereas for the hawkmoth, the vortex breaks down approximately at
three-quarters of the span toward the tip. They also observed the
presence of a strong spanwise flow for the hawkmoth, whereas it was
only 2–5% of the average tip velocity for the fruit fly. The CFD
analysis of Aono et al. [15] with an actual wing–body hawk moth
model observed a horseshoe-shaped vortex [combined LEV, tip
vortex, and trailing-edge vortex (TEV)] during the middle of the
down- and upstrokes that subsequently grew into a doughnut-shaped
vortex near the end of translation. The critical observation in their
studywas the interaction of the shed TEVwith the body, which led to
the formation of the doughnut-shaped vortex ring. A similar looplike
vortex structure was reported by McClung et al. [16] and by
Ramamurti and Sandberg [17,18], who analyzed hovering and
maneuvering flight of a fruit fly with the actual wing kinematics
captured by Fry et al. [19]. They computed the yaw moment and
concluded that thrust force and a component of lift force combine to
produce the turning moment required for maneuvering and that the
side force alone produces the restoring torque. The experiments of
Fry et al. [19] using a mechanical model of a fruit fly showed that
subtle changes in the phasing of the stroke angle and the stroke
deviation angle between the left and right wings produced sufficient
torque required for maneuvering.

Tarascio et al. [20] conducted a flow-visualization experiment on a
hovering flapping flight model at a Reynolds number on the order of
8000. The flowfield consisted of folded wakes formed by the strong
starting vortex shed at the end of each half-stroke during wing
rotation. Because of the induced flow, the wakes were pushed down-
ward, parallel to the flapping plane. The keyfinding of this studywas
that during translation, the top surface was covered by multiple
vortices and the LEV was continually generated and shed into the
wake. This result is in contrast to previous studies [7,9], in which a
stable single LEV is present during translation. Further, they
observed that the strength of the LEV increased along the span and
identified separated flow at the outboard region of the wing.

The unsteady mechanisms involved during stroke reversal con-
tributed significantly to lift production, especially for hovering flight.
In the experimental study by Dickinson et al. [7], two peaks in force
coefficients were obtained during the rotation and early part of
translation. They attributed the peak in lift during the rotation to the
rotational circulation and the second peak to wake capturing.
Dickinson [21] studied the effect of rotation by varying speed,
duration, angle of attack, and axis of rotation using a dynamically
scaled model (Re� 236) of small insects (Drosophila) during
hovering. The study showed that the aerodynamic performance
increased significantly as the wing captured the vorticity generated
during rotation. A lift-coefficient value of 4 was obtained when the
wing translated backward in the von Kármán street generated by the
previous stroke with a 76.5 deg angle of attack. Effects of stroke
amplitude, rotation timing and duration, and shape andmagnitude of
stroke deviation on the aerodynamic performance was studied by
Sane and Dickinson [22] using a robotic fly. The values of drag
showed large deviations from translational quasi-steady values at low
stroke amplitudes due to the major influence of rotational mech-
anisms. Analysis on timing and duration of rotation showed that the
short rotation, which precedes the translation (occurring at the end of
the stroke), resulted in high lift. Further, they found that the quasi-
steady analysis underestimated the average thrust coefficient in all
cases, showing the importance of unsteady aerodynamics.

A numerical investigation of a hovering fruit fly by Sun and Tang
[23] with rotation timing similar to that of Sane and Dickinson [22]
showed a comparable trend in lift and thrust. However, their results
showed that wake capturing and rotational circulation effects are not
significant and they proposed three other mechanisms: fast accel-
eration at the start of downstroke, delayed stall during translation,
and fast pitching-up rotation at the end of the stroke for force

production.When the rotation or stroke reversalwas carried out at the
end of the stroke, the effect of the first and third mechanisms were
enhanced, which resulted in high lift. When the rotation was
symmetric (half of the rotation during the end of the stroke and half
during the start of the following stroke), the fast acceleration
mechanism at the start of the stroke was affected, resulting in lower
lift. The performance deteriorated when rotation occurred at the start
of the stroke, which completely eliminated the pitching-up rotation
mechanism. Ramamurti and Sandberg [24] also showed that the
thrust force was high when rotation was advanced with respect to
stroke reversal.

Despite many available studies, application of flapping flights to
MAVs still pose a number of challenges.Most of the previous studies
have been performed at very low Reynolds numbers, less than 4000,
whereas MAVs could have an operational range extending to
between 10,000 and 100,000. Further, the experiments by Tarascio
et al. [20] at Re� 8000 show the presence of multiple unstable
vortices on the top surface of the wing, which is in contrast to the
stable LEV formation during the delayed stall. This necessitates
more detailed studies to evaluate the effectiveness of delayed stall in a
high Reynolds number range relevant to MAVs. Flow-visualization
[25] studies show that insects employ different kinematics at differ-
ent flight conditions to achieve the required thrust. However, most of
the previous studies have concentrated on hovering flight, which
requires no thrust. Hence, it is critical to understand how changes in
kinematics affect thrust production for forward flight. The focus of
the present study is to analyze the effect of kinematics on forward
flight with an advance ratio J� 0:5 at Re� 10; 000. The simu-
lations are carried out for different kinematics by varying rotation
timing, rotation duration, and angle of attack. The effects of kine-
matics are evaluated by analyzing the resulting flow structure, force
production, and propulsive efficiency.

II. Methodology

A. Governing Equations

In the present study, a structured multiblock solver with a
boundary-fitted dynamic grid is employed. In this framework, the
grid deforms with the wing motion. The method of large eddy
simulation is employed with a subgrid stress model to resolve the
turbulence in the flowfield. The governing equations for unsteady
incompressible viscous flow on a moving coordinate system consist
of space, mass, andmomentum conservation laws. The equations are
mapped from physical x to logical/computational space � by a
boundary-conforming transformation x� x���, where x� �x; y; z�
and �� ��; �; 	�. The equations are nondimensionalized by chord
length C and flapping velocity Uf and are written in conservative
nondimensional form as follows.

Space:

@

@t
� ���
g
p � � @

@�j
� ���
g
p

Uj
g� � 0 (1)
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@
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� ���
g
p
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where ai are the contravariant basis vectors,
���
g
p

is the Jacobian of the
transformation, gij is the contravariant metric tensor,

���
g
p

Uj ����
g
p �aj�kuk is the contravariant flux vector,

���
g
p

Uj
g �

���
g
p �aj�kugk is

the contravariant flux vector due to grid velocity ug, ui is the
Cartesian velocity vector, and p is the pressure. In the preceding
formulation, the grid velocity ug is not computed explicitly. Instead,
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the grid contravariant flux vector is employed, which is directly
computed based on the space conservation law [26,27]. The
nondimensional time used is t	Uf=C and the Reynolds number is
given by UfC=�. Ret is the inverse of the subgrid eddy viscosity,
which is modeled as

1

Ret
� C2

s�
���
g
p �2=3jSj (4)

where jSj is the magnitude of the strain rate tensor given by

jSj �
���������������
2 �Sik �Sik

p
, and the Smagorinsky constant C2

s is obtained via
the dynamic subgrid stress model (Germano et al. [28]).

The equations are formulated in a finite volume framework using a
fractional-step algorithm for time advancement. Second-order
central difference is used for the convective and viscous terms, and
implicit Crank–Nicolson discretization is used for time advance-
ment. During the start of each time step, the wing is moved based on
the prescribed kinematics, keeping the external boundaries of the
computational domain fixed. The resulting grid movement is carried
out at each time step by a combination of a spring analogy and
transfinite interpolations on displacements [29]. The space conser-
vation law (1) is used to calculate the grid contravariant fluxes [29]
that are used in the momentum equations to account for grid
movement.

III. Results

The unsteady aerodynamics of flapping flight depends on many
kinematic and flow parameters such as angle of attack, rotation and
flapping kinematics, stroke amplitude, stroke plane angle, Reynolds
number, and advance ratio. The purpose of the present study is to
evaluate the effect of timing and duration of rotation and angle of
attack on the force production for forward flights. All of the simu-
lations in the current study are carried out at Re� 10; 000 at an
advance ratio J� 0:5. A stroke amplitude of 60 deg (
30 deg) and a
vertical stroke plane �� 90 deg are used. Three different rotational
kinematics (delayed, symmetrical, and advanced) are analyzed to
evaluate the effect of timing of rotation. The effect of duration of

rotation is analyzed for symmetrical rotation with three different
durations. Finally, the angle of attack during downstroke and
upstroke are changed to analyze their effect on force production and
the stability of the LEV.

A. Comparison with Experiment

The dynamic mesh capability of the solver has been validated
previously in a number of flow problems such as the forced
oscillation of a cylinder, a pitching airfoil, and a hovering fruit fly
[29,30]. In the current context, analysis of the hovering flight of a
fruit fly with kinematics similar to that employed by Sane and
Dickinson [22] is presented. The planform of the Robofly wing, as
shown in Fig. 2 (obtained from Dickinson [21]), is used to develop
the grid. The coordinates x, y, and z are used for the fixed frame,
where the y–z plane represents the stroke plane (Fig. 1). The
coordinates �, �, and 	 are used for the moving frame fixed to the
wing, where � is along the chordwise direction, � is perpendicular to
the wing, and 	 is along the spanwise direction (Fig. 2). The
computational domain is made of 60 blocks with about 3 million
cells. The domain boundaries are placed at 10 times the chord length
from the edges of the wing on all sides except the symmetry surface,
which is located at 0.6 times the chord length from the wing base
(Fig. 2). The symmetric boundary condition is applied along the axis
of flapping, and a zero-velocity boundary condition is applied at all
other faces.

The simulation is carried out for four flapping cycles using 60
processors on System-X at Virginia Polytechnic Institute and State
University. Comparison of lift and thrust forces between the third and
fourth flapping cycles confirmed that the flow had attained repeat-
ability, and hence the results from the fourth flapping cycle are used
for the analysis. A triangular wave form for the flapping angle and a
square wave form for the rotation angle, as shown in Fig. 3, are
employed. The normalized values of t	 � t=tcycle from 0 to 0.5
represent the downstroke and from 0.5 to 1.0 represent the upstroke.
The midstroke angle of attack is 50 deg for both strokes, and the
rotation is carried out symmetrically with a total duration t	 of 0.16.
The stroke plane angle is �� 0 deg, and the total flapping amplitude
is �� 60 deg. A fluid viscosity of 120 cSt with density of
880 kg=m3 and flapping frequency of 168mHz alongwith the actual
length of the Robofly wing [22] (25 cm) are used to compute the
Reynolds number for the current simulation. The Reynolds number
based on the maximum chord length (C� 10 cm) and tip velocity
is 73.

The comparison of time variation of lift and thrust forces obtained
during the fourth flapping cycle with experimental results [22] is
shown in Fig. 4. Because the stroke plane is horizontal (�� 0 deg),
the lift force is given by�Fx and the thrust force is given by�Fy. The
lift force compares reasonably well; in particular, good agreement is
observed during the upstroke, whereas the values differ during the
downstroke. Because the kinematics are symmetrical and the
freestream velocity is zero, the values of lift should be identical for
the upstroke and downstroke. The comparison of thrust force also
shows reasonable agreement in the trend, but the values differ in
magnitude. In particular, the peak values of lift and thrust obtained at
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Fig. 3 Kinematics for hovering flight (shaded region represents downstroke).
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the start of the downstroke and upstroke show larger deviation from
the experimental values. This deviation could be due to the
kinematics used in the computations, which is curve-fitted from the
experimental data, and results in some smoothing during stroke
reversal. A previous study [17] has shown that the acceleration and
deceleration during stroke reversal is responsible for the peaks in lift
and thrust. Hence, a small deviation from the experimental kine-
matics could result in a larger deviation in the forces. Similar
quantitative deviations have been reported by previous numerical
studies [23,24,31]. Because the kinematics employed by the current
study differs from these previous studies [23,24,31], direct
comparison with their results is not made.

The pressure contours and streamlines in a chordwise plane at
�� 2 at different times are shown in Fig. 5. Because the downstroke
and upstroke are symmetric, only the results during the downstroke
are used to analyze the flow structure. During the start of the
downstroke, a high-pressure region forms on the bottom surface of
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Fig. 4 Variation of lift and thrust forces for a hovering fruit fly.

Fig. 5 Pressure contours and streamlines along the chordwise plane at �� 2.

Flapping
axis

Roll axis

4 C
0.5 C

0.25 C
Leading edge

Flow

ξ

ζ

Fig. 6 Rectangular wing configuration.

GOPALAKRISHNAN AND TAFTI 2509



the wing due to the sudden deceleration of the wing at the end of the
upstroke, which when combined with the rotation results in the
formation of a LEVand a peak in lift and thrust at time t	 � 0:05. The
LEV grows and reaches a maximum size at time t	 � 0:4 to 0.45 and
sheds during the rotation, which reduces the lift and thrust produc-
tion. At time t	 of 0.5 (not shown), the pressure contours are similar
to that of t	 � 0, with the positive pressure now on the top surface of
the wing.

B. Analysis of Forward Flight

For simplicity, an infinitesimally thin rectangular rigid wing with
an aspect ratio of 4, as shown in Fig. 6, is used for the analysis. A
single wing configuration with a symmetry boundary condition
along the flapping axis is employed in the current study, assuming
that there is no interference betweenwings and between fuselage and
wing. The rotation axis is placed at the quarter-chord length from the
leading edge. The downstream boundary is placed at 15 chord
lengths from the trailing edge, and 10 chord lengths are used for other
boundaries. Constant velocity boundary condition is applied at all
inlet faces, and an outflow boundary condition is specified down-
stream. A symmetry condition is applied at the base of the wing. The
grid consists of 60 blocks with approximately 8 million cells. The
wing is resolved using 80 � 40 grid points, and 80 grid points are
used perpendicularly to the wing, as shown in Fig. 7. The boundary
layer is resolved by placing 10 grid points inside the thickness of
0.055, the typical boundary layer thickness forflowover aflat plate at
Re� 10; 000. A grid refinement study is carried out by increasing
the number of grid points perpendicular to the wing from 80 to 120.
The comparison of instantaneous lift and thrust forces shows less
than 2%deviation, and themeanvalues of lift and thrust differ by less
than 5%.

The kinematics involve a simple cosine wave form (Fig. 8) for
flapping. The stroke plane angle is kept at �� 90 deg (vertical
direction), and the total flapping amplitude is �� 60 deg. The
variations of kinematic parameters for the cases simulated in this
study are given in Table. 2. Different rotation kinematics (Fig. 8)
[namely, advanced, symmetric, and delayed rotation (cases A, B, and
C) for duration t	 � 0:1] are used to study the effect of timing of
rotation. To evaluate the effect of duration of rotation, simulations
with a small time duration t	 � 0:05 (case D) and a larger duration
(sinusoidal rotation, case E) are carried out. Additional simulations
(cases F and G) with different angles of attack for both upstroke and
downstroke are analyzed to evaluate the effect of angle of attack. For
most cases, the angles of attack of 70 and 45 deg are used for the
downstroke and upstroke, respectively. A lower value of angle of
attack during the upstroke is used to reduce the downforce. The
effective angle of attack �eff is affected by both flapping velocity and
freestream velocity, as shown in Fig. 9. In addition, due to the
variation of flapping velocityUf, the effective angle of attack varies
along the span,with amaximumvalue at the tip. For the advance ratio
of 0.5 and�d of 70, the�eff varies from�30 to 33 deg frombase to tip.
During the upstroke for �u of 45, the value of �eff varies from 45
to �18 deg.

C. Flow Structure and Lift and Thrust Variation

The critical flow structures obtained for forward flight for case B
are discussed in this section. The simulations are carried out for four
flapping cycles. The comparison of thrust and lift values between the
third and fourth flapping cycles shows no deviation, Hence, the
results from the fourth flapping cycle are used for the analysis.

1. During Downstroke

The sinusoidal variation of flapping angle results in acceleration
during the first half of the downstroke and deceleration during the
second half of the downstroke. The maximum flapping velocity
occurs at t	 � 0:25, which results in a high effective angle of attack
(Fig. 9). The isosurface of the 	 component of vorticity, given at

Fig. 7 Grid distribution: a) wing, b) spanwise plane (every other grid line is shown), and c) chordwise plane (every other grid line is shown).
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Fig. 8 Kinematics employed for cases A, B, and C (shaded region

represents downstroke).

Table 2 Kinematic parameters used for different cases

Case Rotation timing Rotation
duration

�d �u

A Advanced 0.1 70 deg 45 deg
B Symmetric 0.1 70 deg 45 deg
C Delayed 0.1 70 deg 45 deg
D Symmetric 0.05 70 deg 45 deg
E Sine wave 0.5 70 deg 45 deg
F Sine wave 0.5 60 deg 35 deg
G Sine wave 0.5 80 deg 55 deg
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different times in Fig. 10, shows the formation of the LEV (negative
vorticity) and its subsequent separation during the downstroke. At
t	 � 0:1, the LEV forms near the tip and it is attached on the top
surface of the wing. The LEV does not extend up to the base, as the
effective angle of attack near the base is negative. At t	 � 0:2, a
strong spiral LEVwith a maximum size near the tip is formed, which
results in a peak in lift (Fig. 11). The vorticity contours and the
pressure contours at different spanwise locations at time t	 � 0:25
are shown in Fig. 12. The size of the LEV increases from base to tip.
Strong positivevorticity is present between the LEVand thewing due
to the induced velocity field, and the strength of the positive vorticity
also increases along the spanwise direction. In addition, the
separation of the LEV results in the formation of a second LEV. The

secondLEValso lifts away from the surface of thewing. The pressure
contours show the detachment of the LEV (low-pressure region) and
subsequent increase in the pressure on the surface of the wing by the
entrainment of fluid from the freestream.

To analyze the structure of the LEV, particle traces are obtained by
releasing particles along the leading edge. The particle traces at
t	 � 0:25 (Fig. 13a) show a spiral LEV attached near the base and
lifted from the wing near the tip. The contours of the 	 component of
velocity, along the center of the LEV (Fig. 13b) show a strong
spanwise velocity of the order of flapping velocity from the base to
the tip. Similar results were obtained by the flow-visualization
studies conducted by Ellington [9] using a largemechanicalmodel of
a hawk moth at (Re� 4000). They showed a spiral LEV with
spanwise velocities comparable with the flapping velocity during the
downstroke and also suggested that the spanwise flow removed the
vorticity from the LEVand stabilized it. However, the present results
show that the spanwise flow does not stabilize the LEV for forward
flight. The chief reason is the presence of strong negative spanwise
velocity near the tip, shown by the curved arrow (Fig. 13b), which
prevents the removal of vorticity from the LEV. Hence, the vorticity
starts building up near the tip, due to both the high angle of attack and
the convection of vorticity from the base. This increase in vorticity
leads to an instability in the LEVand consequent separation from the
wing. The isosurface of vorticity at time t	 � 0:4 shows the complete
separation of the LEV near the tip (Fig. 10), which results in a low lift
coefficient. The isosurface also shows the presence of small negative
vorticity due to secondary-vortex formation along the leading edge.

Fig. 9 Effective angle of attack during downstroke.

Fig. 10 Isosurface of � component of vorticity at different times (arrows represent approximate freestream direction and the dotted line represents the

axis of flapping).
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2. During Supination

The supination starts at the end of the downstroke at around 0.45
and is carried out until t	 � 0:55, the start of the upstroke. The
isosurface contours at time t	 of 0.4 (Fig. 10) show that the LEV is
still attached at around 	� 1, with no LEV formation near the base.
The increase in angle of attack during supination results in the

formation of a vortex near the base, which extends the LEV from
the middle to the base, as shown by the isosurface of vorticity at t	

of 0.5 (Fig. 10). This results in a second peak in lift. However, due
to the rotation, the contribution of the LEV to thrust drops
continuously (Fig. 11) and results in drag during the later part of
supination.
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Fig. 11 Variation of lift and thrust coefficients (shaded region represents rotation).

Fig. 12 Vorticity and pressure contours at various spanwise locations for time t� � 0:25.
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3. During Upstroke

The behavior of flow during the upstroke is similar to that during
the downstroke. During the upstroke, the effective angle of attack is
low and it is negative only for a small portion of thewing near the tip.

Hence, there is no clear formation of the LEV, and the vorticity
contours at time t	 � 0:7 (Fig. 10) show a small positive vortex
attached near the tip. The vorticity and pressure contours at t	 of 0.75
(Fig. 14) show no apparent vortex formation at locations 	� 1:5 and

Fig. 13 Structure of LEV a) particle traces obtained by releasing particles along the leading edge (shaded based on the location of release) and
b) spanwise flow along the center of the LEV (arrows indicate the direction of flow).

Fig. 14 Vorticity and pressure contours at various spanwise location for time t� � 0:75.
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Fig. 15 Pressure at various spanwise location for time t� � 1:0.
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Fig. 16 Power required for rotation and flapping.
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2.0. A small vortex forms near the tip, which results in a low-pressure
region on the bottom surface of thewing at locations 	� 2:5 and 3.0.
This low-pressure region results in a peak in negative lift and also
generates thrust. The vortex formed is attached to the wing and there
is no secondary-vortex formation as observed during the down-
stroke. The vortex becomes unstable at around t	 of 0.8, as shown in
Fig. 10, with a drop in negative lift.

4. During Pronation

During pronation the angle of attack near the base becomes
negative. This change in angle of attack does not result in the
formation of a LEVnear the base as observed during supination. This
is probably due to the absence of a strong LEV during the upstroke.
However, a strong pressure difference across the surface is
established at time t	 � 1:0 near the base, as shown in Fig. 15 at
locations 	� 1:5 and 2.0. Because the axis of rotation is at the
quarter-chord length from the leading edge, the trailing edge
undergoes significant rotation, which results in strong positive
pressure on the top near the trailing edge. However, the pressure
difference at locations 	� 2:5 and 3.0 is not significant, due to the
presence of separated vortex (Fig. 10, t	 � 0:9). A second peak in the
downforce occurs that results in thrust during early periods of
pronation.

5. Lift and Thrust Production

Instantaneous variations of lift and thrust coefficients (normalized
based on the flapping velocity and planform area) are shown in
Fig. 11. During the first half of the downstroke, the lift increases due
to the formation of the LEVand reaches a maximum value of 2.5 at
time 0.2. This value is around three times higher than the maximum
coefficient of lift, 0.75, of a two-dimensional thin plate under steady-
state condition. The thrust production is positive during most of the
downstroke, except during rotation at the end of the downstroke. The
contribution from pressure forces is dominant, and the torsional
angle determines the ratio of thrust-to-lift force produced by the LEV.
During the upstroke, a low-pressure region forms on the bottom
surface, leading to a negative lift force, but the magnitude is less than
that during the downstroke, due to the lower angle of attack. The
thrust production is positive during most of the upstroke, with two
peaks obtained at t	 � 0:75 and 0.95. The average coefficients
of lift and thrust are 0.59 and 0.33, respectively. For a typical
semiwingspan R� 7:5 cm, the lift produced can support 394 g and
the thrust force generated is 1.08 N.

6. Power Requirement and Propulsive Efficiency

The power requirements for flapping (Px) and rotation (P	) are
computed based on the torque generated by the fluid forces and
angular velocity of the wing:

T �
Z
r � �p� �� ds; P� T �� (5)

where r is the radius from the axis, p is the pressure, � is the shear
stress, and� is the angular velocity of the wing. The power required
for acceleration of the wing is neglected, as the typical mass of
membrane flapping wings is small. The instantaneous variation of
power requirement (normalized based on fluid density, tip velocity,
and chord length �U3

fC
2) shown in Fig. 16 follows a similar trend to

that of lift and thrust. A peak in power requirement for flapping of
around 5 occurs at t	 � 0:2 during the downstroke, which corre-
sponds to the formation of the LEV. The power required during the
upstroke ismuch lower than that during the downstroke, due to lower
force production. The power requirement for rotation reaches a
maximum value of 2 during the middle of rotation. The average
power required for flapping and rotation are 1.37 and 0.23, respec-
tively, and the propulsive efficiency [Eq. (6)] is 19.59%. The present
simulation shows that flapping flight is capable of supporting the
weight of MAVs and produces a propulsive thrust force:

�prop �
FTU1
P

(6)

D. Effect of Rotation Timing

The rotation at the end of translation changes the angle of attack
and introduces vorticity !	 of magnitude twice that of its angular
velocity�	. The lift and thrust variations for three different rotation
kinematics (cases A, B, and C) are shown in Fig. 17. Figure 18 shows
the isosurface of vorticity !	 for all rotation timings during the
middle of supination. During supination (rotation at the end of down-
stroke), the change in angle of attack and the introduction of negative
vorticity extends the LEV from the middle of the wing to the base,
which results in a second peak in lift. The strength of the vortex
formed and the magnitude of lift depend on the timing of rotation (in
other words, on the flapping velocity), which affects the effective
angle of attack. A stronger vortex near the base for advanced rotation

Fig. 18 Isosurface of the � component of vorticity during the middle of

supination for different rotation timings.
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and a smaller vortex for symmetric rotation are observed, as shown in
Fig. 18. For delayed rotation, the vortex formation is insignificant. In
the case of advanced rotation, the flapping velocity (Fig. 9) is in the
positive direction, which enhances the change in angle of attack and
hence results in a stronger vortex and high lift. On the other hand, in
delayed rotation, the flapping velocity is in the opposite (down)
direction, which counteracts the change in angle of attack, resulting
in no vortex formation and a small peak in lift. A similar variation in
lift occurs during pronation at the end of the upstroke.

The thrust production during upstroke and downstroke is high for
advanced rotation, as it facilitates the formation of the LEV earlier,

Table 3 Average value of lift and thrust, and propulsive efficiency

Cases CT CT Power
flapping

Power
rotation

Propulsive
efficiency

A 0.58 0.36 1.65 0.32 17.36
B 0.59 0.33 1.37 0.23 19.59
C 0.54 0.23 1.18 0.17 16.19
D 0.59 0.33 1.37 0.25 19.35
E 0.52 0.37 1.59 0.21 19.53
F 0.57 0.28 1.17 0.36 17.39
G 0.45 0.30 1.98 0.08 13.83
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Fig. 19 Variation of lift and thrust for different rotation durations.
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which results in high average values of thrust (Table 3). The delayed
rotation results in lower thrust (CTavg � 0:23), as it affects thrust
production during translation and also results in significant drag
during both supination and pronation. The symmetric rotation
produces slightly lower thrust and higher lift than advanced rotation.
However, symmetric rotation has better propulsive efficiency, due to
the lower power requirement for flapping and rotation. Delayed
rotation has low propulsive efficiency, which is undesirable
for steady flight. Despite the differences in propulsive efficiency,
different combinations of rotation timing could be used to achieve a
required force. For example, to maximize lift production, advanced
rotation for the downstroke and delayed rotation for the upstroke are
preferable.

E. Effect of Duration of Rotation

To understand the effect of duration of rotation, a short rotation
t	 � 0:05 (case D) and a continuous sinusoidal rotation (case E) are
analyzed. The comparison of lift and thrust variation for cases B, D,
and E is shown in Fig. 19. The peak in lift obtained for the short

duration is higher than that observed for case B, which is mainly due
to the higher angular velocity. On the other hand, continuous rotation
does not produce any separate peaks in lift, instead delaying the
location of maximum peak in lift from a t	 of 0.23 to 0.27. In
continuous rotation, the rotation introduces positive vorticity
(reduces angle of attack) during the first half of the downstroke and
introduces negative vorticity (increases angle of attack) during the
second half of the downstroke. This change in angle of attack delays
the formation of the LEVduring the first half and enhances the vortex
formation near the base during the second half. The variation of
lift reflects this effect. A gradual increase in lift occurs until
t	 � 0:27, and a gradual drop in lift occurs during the second half of
downstroke.

For caseD, because the instantaneous value of lift is high only for a
short duration, the average values of lift and thrust values remain
unaffected. The thrust produced by continuous rotation (CTave�
0:37) is higher than other cases, which ismainly due to positive thrust
production throughout the flapping cycle. The propulsive efficien-
cies of all three cases are equal, which shows that any duration
of rotation could be used to achieve a desired force requirement.
Hence, to achieve a higher thrust, a continuous rotation is preferable,
whereas for higher lift, a combination of shorter supination and
longer pronation is preferable.

F. Effect of Angle of Attack

To analyze the effect of angle of attack on force production,
additional simulations with higher and lower angles of attack than
case E are carried out. The variation of lift and thrust for cases E to G
are shown in Fig. 20. The resultant force is almost perpendicular to
the wing direction during the entire flapping cycle, due to the strong
contribution of pressure forces. The torsional angle/angle of attack
determines the contribution of total force to thrust and lift. In the case
of low angle of attack, the instantaneous thrust values are higher than

Fig. 21 Isosurface of vorticity during the middle of downstroke for

different angles of attack. Fig. 22 Pressure contour at location z� 2:0 at time t� � 0:55.
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the other two cases and are of the same order as that of lift, whereas at
a high angle of attack, the resultant force contributes mainly to lift. In
addition, the location of maximum lift and the gradient of the lift
profile changes for all three cases. The isosurface of vorticity for all
three cases E–G during the middle of the downstroke is shown in
Fig. 21. In the case of high angle of attack, the LEVextends up to the
base at t	 � 0:25 and it separates completely from the wing during
the second half of the downstroke. This results in sharp changes in lift
and the maximum lift occurs early. In the case of low angle of attack,
the LEV formation does not extend up to the base (Fig. 21) during the
early stages of the downstroke. During the first half of the down-
stroke, the LEV formed near the tip contributes to lift, and the for-
mation of the LEV near the base contributes to lift during the second
half of downstroke. Hence, the variation of lift is gradual and the
location of maximum lift shifts to t	 � 0:35.

The average value of thrust is high for the moderate-angle-of-
attack case, whereas high lift is produced by the low-angle-of-attack
case. The low angle of attack produces high instantaneous values of
thrust during the downstroke. However, due to the incomplete sep-
aration of the LEV at the end of the downstroke, it results in
considerable drag during the initial stages of the upstroke. Figure 22
shows the pressure contours at location 	� 2:0 at time t	 � 0:55 for
all three angles of attack. A strong vortex and low-pressure region are
present for the low angle of attack, whereas the strength of the vortex
and the pressure difference across the surface are small for the other
cases. The pressure difference in case of the low angle of attack
results in high lift and drag until t	 � 0:6, which reduces the propul-
sive efficiency. The propulsive efficiency of case E is high, and the
high angle of attack, case G, results in low propulsive efficiency.
Hence, to achieve high thrust production, an optimum value of angle
of attack that results in complete shedding of the LEVat the end of the
downstroke is required. Further, if high lift force is required, a
combination of high angle of attack during the downstroke and a low
angle of attack during the upstroke could be used.

IV. Conclusions

The effect of rotation kinematics and angle of attack on forward
flapping flight with an advance ratio of 0.5 is analyzed at a Reynolds
number of 10,000. Theflow structures obtained for all cases show the
presence of a spiral leading-edge vortex (LEV) on the top surface
during the downstroke. The LEV becomes unstable and separates
during themiddle of the downstroke despite the presence of spanwise
flow along the core of the LEV. The negative spanwise flow created
by the tip blocks the removal of vorticity from the LEV, which leads
to the subsequent separation of the LEVnear the tip, leading to a drop
in force production. The separation of the LEV results in the forma-
tion of a secondary vortex. However, the secondary vortex is not
attached to the wing, and hence no increase in lift is observed during
the second half of the downstroke. The average lift force generated is
enough to support the typical weight requirement of 100 to 200 g of
micro air vehicles and generates thrust with a propulsive efficiency
of 20%.

Analysis of various kinematics shows that the formation and
separation of the LEV and the instantaneous variation of forces
depend strongly on kinematics. Analysis of different rotation kine-
matics shows that a stronger LEV forms near the base during
advanced rotation and when rotation occurs over a small time
duration. This formation of a stronger LEV leads to higher force
production during supination and pronation and subsequently affects
the average values of lift and thrust. For continuous rotation kine-
matics, thrust is produced throughout the flapping cycle, resulting in
high propulsive efficiency. Analysis of different angles of attack
shows that the growth and stability of the LEV depends strongly on
the angle of attack. For a low angle of attack, the LEV stays attached
longer and generates higher thrust during the downstroke. However,
the presence of the attached LEV affects thrust generation in the
subsequent upstroke, leading to a drop in the average thrust. Finally,
among all the cases analyzed, continuous rotation with a moderate
angle of attack performs better in terms of propulsive efficiency and
thrust. At the same time, different combinations of rotation and/or

angle of attack could be employed to achieve the desired force
requirements for different flight conditions.
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