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This study explores the effect of chordwise flexible deformation on unsteady aerodynamic characteristics for

biplane counter-flapping dual NACA0014 airfoils with various combinations of Reynolds number and reduced

frequency. Unsteady laminar viscous flows over duel rigid and flexible airfoils executing counter-plunge motion are

computedwith time-dependent two-dimensional laminar Reynolds-averagedNavier–Stokes equations coupledwith

conformal hybridmeshes. The testedReynolds numberwith an airfoil characteristic chord length is 102, 103, and 104,

and the reduced frequency ranges from 0.5 to 3.5. The dynamic mesh technique is applied to illustrate the flapping

deformation modes of the flexible airfoils. To investigate the influence of the chordwise flexure extent on the

aerodynamic performance of the flapping airfoils, the present study considers various different curvature

deformations of flapping foils with flexure extent ranging from 0 to 0.3 times the chord length at 0.05 intervals. The

visualized particle-tracing paths clearly revealed the formation and evolution of leading-edge vortices along the body

of the flexible airfoil as it undergoes biplane counter-plunge motion. The generation of thrust-indicative wake

structure or the drag-indicatedwake structure behind the flexible airfoils depended on the degree of flexure extent of

the airfoil at a fixed range of reduced frequency. The thrust force for each airfoil with biplane counter-flappingmode

will be enhanced 6.32% more than that for a rigid single flapping airfoil. Present results show that flexible airfoils

with flexure extent 0.25 times the chord length in counter-plunge flapping motion could get maximum propulsive

efficiency andproduce about 64.65%more than that of biplane rigid airfoils. The outcome indicates that appropriate

flexible biplane flapping flight could not only increase the thrust force, but also boost the propulsive performance.

Nomenclature

ao = flexure amplitude of the airfoil
Cd = drag coefficient
Cl = lift coefficient
c = chordwise length of the airfoil
Fn = force normal to the surface of the airfoil
Fx = x direction force on the surface of the airfoil
�Fx = period-averaged thrust force
f = flapping frequency
h = instantaneous plunge position
ho = nondimensional plunge amplitude
kr = reduced frequency, !c=U1
Re = Reynolds number, �U1c=�
�P = period-averaged consumption power rate
St = Strouhal number, 2hof=U1
T = flapping period, 2�=!
t = dimensional time
t0 = nondimensional time, tU1=c
U1 = freestream velocity
x, y = Cartesian coordinate axis

� = period-averaged input-power coefficient
� = propulsive efficiency, �=�
� = period-averaged thrust-power coefficient
� = density of fluid
 = phase angle between plunging and flexing of the airfoil
! = circular frequency of flapping oscillations, 2�f

I. Introduction

T HE flapping flight of birds and insects has fascinated biolog-
ical scientists and researchers for hundreds of years. Many

examples can be found in nature of winged creatures exhibiting
excellent aerodynamic characteristics, and the flying capabilities of
these creatures surpass those manifested by man-made aircraft. The
outstanding flying performance of birds and insects to take off, land,
hover, etc., via flapping mode has inspired researchers and engineers
to think of equipping aircraft with flapping mechanisms rather than
rotating propellers as a means of generating thrust and lift forces.
Researchers focused on the low-Reynolds-number lift force and
propulsive capability offlappingwings in hoveringmode or forward-
flight mode. Both experimental and numerical investigations on the
kinematics, dynamics, and unsteady aerodynamic characteristics of
2-D/3-D flapping wings can be found in the recent open literature.
For example, Ellington [1] pointed out that the classical steady-state
model is not a practical tool to predict aerodynamic forces in flapping
flight, because the calculated lift force during a cycle is not sufficient
to sustain the weight of insects/birds even in forward-flight mode.
Tang et al. [2] confirmed that the unsteady-force-generation mecha-
nism is strongly related to the flapping paths of wings during
upstroke and downstroke periods. To understand the unsteady-lift-
generation mechanisms, such as clap-and-fling mechanism, delay
dynamic stall associated with large scale of leading-edge vortices,
fast pitch-up rotation, and wake capturing, several studies either in
wind tunnels or by directly solving the time-dependent Navier–

Presented as Paper 3817 at the 38th Fluid Dynamics Conference and
Exhibit, Seattle, WA, 23–26 June 2008; received 12 January 2009; revision
received 12 June 2009; accepted for publication 17 May 2009. Copyright ©
2009 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved. Copies of this paper may bemade for personal or internal use,
on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0021-8669/09 and $10.00 in correspondence with the CCC.

∗Professor, Department of Mechatronic, Energy and Aerospace
Engineering, Chung Cheng Institute of Technology; jmmiao@ccit.edu.tw.

†Ph.D. Student, Graduate School of Defense Science Studies, Chung
Cheng Institute of Technology.

‡Professor, Department of Vehicle Engineering.

JOURNAL OF AIRCRAFT

Vol. 46, No. 5, September–October 2009

1785

http://dx.doi.org/10.2514/1.43181


Stokes equations have been conducted by three-dimensional wings
or two-dimensional airfoils with hovering models [3–5].

According to biomimetic principles, some researchers had already
designed flapping mini-aircraft flying in the air. Other than the
consideration of the weight of a mini-aircraft, the efficiency of
flapping is another quite important issue for improving flight per-
formance due to limited energy storage. The poor aerodynamic
characteristics are a predicament forminifying the size of aircraft and
prolonging the time aloft in space. Although something mysterious
in flapping flight is still unrevealed, the application of flapping wings
had already been activelymade in wind and water energy conversion
plants in recent years. Moreover, a significant development related
to the aviation field is the appearance of civilian and military
micro aviation vehicles applications in recent decades. The Defense
Air-Borne Reconnaissance Office supports a Defense Advanced
Research Projects Agency initiative to develop amicro aerial vehicle
(MAV), defined as a miniature remote-controlled aircraft with a
wingspan of 6 in. (15 cm) or less and a flight speed of 30–60 km=h
(i.e., 8:33–16:67 m=s) while carrying aminiaturized payload, simple
avionics, and a communication link. The MAV would be ideal for
employment by smallmobile units operating in environments such as
urban areas or unconventional operations anywhere. At the same
time, theMAVpresents a high complexity of technical challenges, as
the sub-15-cm regime involves tricky changes in aerodynamics and
flight control. The study of the flying techniques of small birds and
insects will contribute to MAV development.

Some MAV designs use propellers as the propulsive system to
generate the necessary thrust, and the passage of airstream over
fixed rigid wings generates lift as a result of the pressure difference
generated between the upper and lower wing surfaces. However,
from a low-Reynolds-number aerodynamics perspective, flapping-
wing propulsion systems are more efficient than their conventional
rotational propeller counterparts (Tuncer and Kaya [6]). Murray and
Howle [7] conducted their research with a flexible oscillating
thin airfoil and found that the flexible airfoils may produce larger
aerodynamic efficiency than rigid airfoils. Tang et al. [8] performed
the fluid–structure coupling simulations on the aerodynamic charac-
teristicsofflexibleairfoils inplungeandpitchingmotions.Theyfound
that the aerodynamic lift-force behavior offlexible airfoils is different
from that of rigid airfoils. This is because thedeformationof theairfoil
body acts as a passive pitching motion, causing a change in the
effective angle of attack, and thereafter damps the lift fluctuation
during a flapping cycle. Moreover, the requirements of military
planners for a MAV capable of hovering and maneuvering stably in
confined spaces to perform a remote reconnaissance role, while also
having the ability to take off and land on a variety of terrains, are
driving researchers to investigate efficient flapping-wing propulsive
technologies. One of the successful examples was performed by
Jones et al. [9], who developed the flapping-wing-propelled radio-
controlledMAVwith a pair of counter-flapping aft airfoils to produce
the thrust force.

Owing to the high interest in biomimetic propulsion, the published
open literature now contains many experimental and computational
investigations of the propulsion characteristics of flapping airfoils or
wings. In general, these studies aim to evaluate the effects of the
amplitude and frequency of the flapping motion on the generated
propulsive efficiency and thrust for various shapes of the airfoil or
wing. The wake vortex patterns under different reduced frequencies
for an oscillating NACA0012 airfoil were reported by Lai and
Platzer [10] and Jones et al. [11] in a water tunnel. To maximize the
propulsion efficiency, Anderson et al. [12] found that the phase angle
between the pitch and the plunge of an oscillating airfoil plays a
significant role with a sinusoidal path. Read et al. [13] performed
investigation on the effects of the heave amplitude, Strouhal number,
effective angle of attack, and phase angle between the heave and the
pitch motion on the propulsive and maneuvering behaviors of an
oscillating NACA0012 airfoil under harmonic motion. Most studies
controlled the airfoil in flapping mode with a path function of
sinusoidal form. Hover et al. [14] intended to precisely control the
optimal profile of the airfoil angle of attack rather than simply
adopting a harmonic profile. They indicated that a significant

Fig. 1 Illustration of biplane counter-flapping for flexible dual airfoils.

Fig. 2 Close-up illustration of conformal hybrid meshes for airfoils

with flexural extent a0 � 0:25.

Fig. 3 Flexure pattern for flapping airfoils.
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increase in the thrust and propulsion efficiency of the airfoil could be
achieved by explicitly controlling the angle-of-attack profile. The
highest thrust coefficient was obtained when the prescribed motion
of the airfoil was performed with a sawtooth angle of attack.
Heathcote et al. [15], Heathcote andGursul [16], and Heathcote et al.
[17] developed a new chordwise or spanwise flexible airfoil model
and tested the effect of the airfoil stiffness on thrust, lift, and
propulsive efficiency at zero freestream velocity and at lowReynolds
numbers. Their experimental results showed that a higher thrust/
input-power ratio could be obtained from a chordwise or spanwise
flexible airfoil as compared with that for a rigid airfoil.

Numerical simulations have focused on the aerodynamic charac-
teristic of a single rigid airfoil in freestream by solving the unsteady
time-dependent Navier–Stokes equations with oscillation mode of
pure pitch (Tuncer and Platzer [18]) or coupled heave and pitch
(Isogai et al. [19], Isaac et al. [20], and Chandar and Damodaran,
[21]). Tuncer and Kaya [22] predicted the thrust, lift, and propulsion
efficiency of counter-plunge flapping wings in a biplane configu-
ration using moving overset grids. They found that the thrust
enhancement identified for flapping wings in a biplane configuration
was attributed to the suppression of large-scale leading- and trailing-
edgevortices by a combined pitch and plungemotion separated by an
appropriate phase shift. They also intended to optimize the flapping
motion of a single NACA0012 airfoil for maximum thrust and
propulsion efficiency from computationalfluid dynamics (CFD) data
based on the steepest-ascent method. Kaya et al. [23] further exten-
ded their study on the optimization of maximum thrust performance
of flapping airfoils in a biplane configuration with an aeroelastic
model. As for the behavior of a flexible single airfoil executing
flapping motion, Miao and Ho [24] also obtained an important
conclusion via CFD method: that flexible flapping single airfoils
could obtain higher propulsion efficiency than rigid airfoils.

The published open literature contains only a few studies about
the unsteady aerodynamic behavior of a dual flexible airfoil
executing flapping motion (see Miao sand Ho [24] and Warkentin
and DeLauier [25]). Consequently, the present study computes
the unsteady viscous flows over biplane counter-plunge dual
NACA0014 airfoils with various chordwise flexure extents (shown
in Fig. 1) by solving the incompressible Navier–Stokes equations
using conformal hybrid grids. The dynamic deformable mesh
technique is adopted to demonstrate the effect of the flexure extent on
the unsteady aerodynamic characteristics of the flapping airfoil as it
undergoes plunge oscillation. The computed flowfields around
the flapping airfoils are analyzed in terms of the unsteady history of
aerodynamic lift/thrust coefficients and unsteady vorticity contours
andmassless particle traces. The influence of the flexure extent of the
airfoil on the generated thrust and propulsion efficiency are also
established and discussed for flow conditions ofRe� 102 to 104 and
kr � 0:5 to 3.

II. Numerical Methodology

A. Navier–Stokes Solver

This study predicts the effects of Reynolds number and reduced
frequency on the development of two-dimensional unsteady viscous

flowfields induced from the interaction of free airstream and counter-
flapping airfoils through conformal hybrid grid systems and dynamic
mesh technique. Theworking fluid is air and the flowfield is assumed
to be incompressible and laminar with constant thermophysical pro-
perties. The governing equations are the time-dependent incom-
pressible Reynolds-averaged Navier–Stokes equations, including
the continuity equation and momentum equation as

@�

@t
� ��r � u*� � 0 (1)

Fig. 4 Computational domain for counter-flapping flexible dual

airfoils.

Fig. 5 Comparison between the predicted iso-Mach number contours

and the results of Tuncer and Kaya [22].

Fig. 6 Time variation of drag coefficient for single rigid airfoil [24] and

dual rigid airfoils for flow condition of Re� 104, kr � 2, and ho � 0:4.
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� ��u* � r�u��rp� �r2u (2)

Theflowvariables in the computational domain during the cyclical
plunge motions of dual airfoils are solved with the FLUENT version
6.3.26 software based on the control volume method. The staggered
unsteady-pressure-based solver is selected because the flowfield is
assumed as incompressible unsteady flow. The convective flux and
diffusive flux terms in governing equations are evaluated using the
third-order-accurate quadratic upwind interpolation of convective
kinematics scheme and the second-order-accurate central-difference

scheme, respectively. The coupling between the pressure and the
velocity in momentum equations is achieved by means of the PISO
algorithm. An algebraic multigrid scheme is used to accelerate the
convergence of scalar variables at each time interval. Because of the
constraint of the hybrid mesh system, only the first-order accuracy in
time can be performed for all runs. The implicit residual smoothing
approach is also applied to accelerate the convergence in solutions
within each physical time step. To model the flapping motion of the
counter-plunge airfoils with various flexure amplitudes, the present
study adopts the deformable dynamic mesh technique instead of the
overset grid technique. In addition, the temporal grid deformation is
governed by the geometric conservation law in each time interval.

Fig. 7 Vorticity contour for dual rigid airfoils for flow condition of Re� 104, kr � 2, and ho � 0:4: clockwise vortices (white) and counterclockwise

vortices (black).
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B. Computational Grids and Boundary Conditions

Two types of grid systems, overset grids and conformal hybrid
grids, are widely applied in the simulations of flapping motion of the
airfoils. Isogai et al. [19] and Tuncer andKaya [22] both used overset
grids to obtain reasonable solutions for a single rigid flapping airfoil
with different combinations of reduced frequency and amplitude.
Because the present study aims to investigate the chordwise flexure
extent of the airfoil on the propulsion efficiency under counter-
plunge flapping motion with various kinetic parameters, the deform-
able dynamic mesh is adopted. Figure 2 is a close-up illustration to
present the conformal hybrid mesh system employed for the biplane
counter-flapping flexible airfoils under consideration. Following
grid refinement studies, the final computational domain is composed
of 21,070 inner quadrilateral cells and 43,837 outer triangular
cells. The double-C-type quadrilateral cells are used to encompass
the entire pair of counter-flapping airfoils, and the dynamic stretch
and compression-layer mesh method is applied to model both the
temporal surface and space grid deformations dominated by external
user-defined functions (compiled with the C language program)
during counter-plunge flapping motion for airfoils with various
flexure amplitudes. The distributions of the outer triangular cells are
reconstructed according to the relative position of the flapping air-
foil. The interface between the quadrilateral cells and the triangular
cells is modeled by conformal-type cells to ensure the conservation
of flux for all variables. Both the inner quadrilateral cells and the
outer triangular cells are regenerated at each time interval during
simulations.

The present study intends to simulate the unsteady aerodynamic
characteristics of dual NACA0014 airfoils with different flexure-
amplitude deformations as it executes counter-plunge motion. The
plunge motion of the airfoil shown in Fig. 1 is expressed by

h��ho cos�2�ft� (3)

where h denotes the instantaneous position of the airfoil, ho denotes
the half-stroke amplitude, andf denotes theflapping frequency of the
airfoil. The positive and negative signals in Eq. (1) are used for the
lower and upper airfoils, respectively. The initial angles of attack for
dual airfoils are both set to 0 deg for present work.

We assumed that the profile of the flapping flexible airfoil in the
chordwise direction continuously varies over time and is calculated
by two simultaneous equations as follows:

R� � c (4)

R�1 � cos �� � cao (5)

where ao denotes the flexure extent of the airfoil (see Fig. 3), R
denotes the radius of curvature, and � represents the flexure angle. R
and � could be obtained by numerical coupling iterations for a variety
of ao. The value of the radius of curvatureR corresponding the tested
ranged of ao from 0.0 to 0.3 with an interval of 0.1, is1, 4:893c,
2:466c, and 1:614c.

Figure 4 shows that the computing domain is composed ofH � 6c
and L� 12c, where c denotes the chord length of the airfoil. The
spacing between the leading edges of the upper and lower airfoils at
the initial instant of one complete stroke cycle is fixed at 1.4 times the
chord length. The plunge amplitude for a half-stroke is 0.4 times
the chord length. The dash lines shown in Fig. 4 indicate the end
positions of flapping dual airfoils in the clapping-stroke and the
departing-stroke periods. The instantaneous flow velocity on the
flexible airfoil’s boundaries in the domain must be equal to the local
surface velocity described by the plunge and flexure motions of
the flapping airfoil. A nonslip boundary condition is imposed on the
airfoil surfaces. Inflow and outflowboundary conditions are imposed
on the left and right boundary faces, respectively. The up and down
faces are treated as symmetry boundaries. Freestream uniform
velocity and zero-static-pressure conditions are defined at the inflow
boundary and outflow boundary, respectively. The reference opera-
tional pressure is taken as 1 atm. There are two physical velocities

appearing in flowfield simulations: one is the freestream air
velocity and the other is the translationvelocity of theflapping airfoil.
Because the present study focuses on the thrust force generated from
the dynamic shedding of leading-edge vortices and trailing-edge
vortices on flapping airfoils, the characteristic velocity in the defini-
tion of the Reynolds number is selected as the freestream air velocity.
The aerodynamic lift and drag coefficients are also normalized
with freestream velocity. In general, it is found that a periodic
aerodynamic solution is obtained after the fifth to the tenth cycles
of time iterations in counter-flapping motion. The solution is
considered to have converged satisfactorily when the difference
between the thrust coefficient and propulsion efficiency values
generated in successive cycles of iterations is less than 0.1%.

The aerodynamic performance of a flexible flapping airfoil can
be evaluated by means of two fundamental indexes: namely, the
magnitude of the thrust produced by the airfoil when in motion with
variousflexibleflappingmodes and the input power, which is defined
as the total consumptive work required generating the plunge and
deflection motions of the airfoil. The propulsion efficiency of an
airfoil can be defined as the ratio of the propulsion power to the input
power. This ratio provides a meaningful index when attempting to
optimize the propulsive aerodynamic performance by considering
airfoils of different chordwise flexure amplitudes. The present work

Fig. 8 Time variation ofCd andCl values under different flexure extent

for flow condition of Re� 104, kr � 2, and ho � 0:4.
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considers a flexible airfoil with a chord length cmoving at a constant
forward velocityU1 and performing a harmonic plunge motion h�t�
of an amplitude ho and a frequency f. If T denotes the period of
oscillation in the positions of the airfoils, the predicted period-

averaged consumption power rate �P and the thrust force �Fx can be
evaluated, respectively, as

�P� 1

T

Z
T

0

Fn�t�
dSn
dt
; �Fx �

1

T

Z
T

0

Fx�t� dt (6)

where Fn�t� and Fx�t� represent the instantaneous generated force
components in the normal direction and the x direction of the airfoil
surfaces, respectively. The term dSn=dtdenotes the traveling velocity
of the flexible airfoil as it executes the plunge motion.

The period-averaged consumption power rate is expressed in a
nondimensional form and is defined as the period-averaged input-
power coefficient �; that is,

��
�P

�1
2
�U2
1cs�U1

(7)

Fig. 9 Vorticity contour for dual flexible airfoils with a0 � 0:25 for flow condition of Re� 104, kr � 2, and ho � 0:4: clockwise vortices (white) and
counterclockwise vortices (black).

1790 MIAO, SUN, AND TAI



The symbol � is defined as the period-averaged thrust-power
coefficient and is expressed as

�� 1

T

Z
T

0

��Cd� dt (8)

where Cd is the instantaneous drag coefficient. Therefore, the
propulsion efficiency � of flapping airfoils with plunge motion is
defined as

�� �
�

(9)

III. Results and Discussion

To validate the computer code in unsteady and incompressible
low-Reynolds-number flowfield simulations, the present study
performed a preliminary run on biplane flapping rigid NACA0014
airfoils for flow conditions of Re� 104, kr � 2, and ho � 0:4.
Figure 5a shows the predicted iso-Mach-number contour flowfield
when the dual airfoils are moved toward each other at the beginning
instant of the clapping stroke. The numerical result with overset grid
system from Tuncer and Kaya [22] is also presented in Fig. 5b for
comparison. As expected, the predictedflowfield is symmetrical with
respect to themiddle line between airfoils. Moreover, the evaluations
of the leading-edge vortex (LEV) and the trailing-edge vortex (TEV)

Fig. 10 Instantaneous particle traces along a period of the airfoil with ao � 0:25 for flow condition of Re� 104, kr � 2, and ho � 0:4.
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around the outer and inner sides of the dual airfoils are clearly
observed and both agreewell with those of Tuncer and Kaya [22]. To
explore the effect of the counter-flapping mode on the aerodynamic
performance, the present study specified values ofRe� 104, kr � 2,
and ho � 0:4 and computed the time variations of the aerodynamic
coefficient for a single rigid airfoil [24] and counter-flapping dual
rigid airfoils. The predicted curves of drag coefficient with respect to
flow time are presented in Fig. 6. Regardless of the single- or dual-
airfoil configuration, the time history of drag coefficient for pure
plunge motion both exhibited cycling variations, which is linked to
the predefined sinusoidal flapping paths of the airfoils. For dual rigid
airfoils, the drag coefficient distribution agrees well with that of
Tuncer and Kaya [22].

The instant vorticity contours for dual rigid airfoils over a com-
plete cycle under the same flow conditions are plotted in Fig. 7 for the
discussion of the unsteady flow mechanism. When the upper and
lower airfoils reach the end positions of flapping stroke (i.e., h�
0:4c # and 0:4c "). Figure 7a shows that thewake structure shedding
from the trailing edge of the airfoil is believed to be drag-indicative
form and there is little difference between a single airfoil and dual
airfoils (Fig. 6). The acceleration of the airfoils causes the attached
vortex on the inner portion of the airfoils gradually moving toward
the trailing edge to produce thrust force, as shown in Fig. 7b. This
clapping process will enlarge the core size of the LEV (Fig. 7c),
which leads to a larger suction of airstream toward the upper portion
of the airfoils, to produce more thrust force. When the airfoils reach
their maximum velocity, a peak thrust-force coefficient for both runs
can be observed from Fig. 6. Inspection of Figs. 7b and 7c reveals
that the interaction of periodic formations of LEV and in-sequence
shedding TEV to downstream changes the corresponding wake
structure from drag-indicative pattern to thrust-indicative pattern.
With the single rigid airfoil as the reference, the peak value of the
thrust force for the upper airfoil increases to 21.18% as the dual
airfoils move closer to the end position of the clapping stroke. Tuncer
and Kaya [22] found a similar flow mechanism from the pressure
distributions over both sides of the airfoils.

In the aft part periodic of the clapping stroke (i.e., 5� 1=4T<
T < 5� 1=2T), the drag coefficients gradually changed from
negative values to positive values and it is almost the same between
single and dual airfoils in the flapping motion. The flow structure
around the airfoil is complex at this time interval, as shown in Figs. 7d
and 7e. Generally, the outer side of the airfoils is originally occupied
with one LEV, one recirculation bubble, and a clockwise vortex near
the middle chord of the airfoil (Fig. 7e). When the airfoils restart to
accelerate to the maximum speed (i.e., T � 5� 3=4T), Fig. 6 shows
that the thrust force is regenerated in this period. The vorticity
contours (Figs. 7f and 7g) clearly exhibit that the two pairs of vortex
structures are formed and gradually move to the trailing edge.
Finally, these vortices are shed downstream with a fixed tilt angle to
form a mushroom pattern. In the meantime, a new LEV is formed in
the inner side of the airfoils. Moreover, Fig. 6 shows that there is little
difference in generating maximum thrust force in the period of the
departing stroke among tested cases. As the airfoil further decelerates
to its initial position, the combination of the high- and low-pressure
areas leads to an increase of drag force at the aft part periodic of the
departing stroke (Fig. 7h). Generally, it is observed that the unsteady
interaction of leading-edge vortex and trailing-edge vortex around
the flapping airfoils significantly affects the aerodynamics per-
formance. This observation confirms that the low-Reynolds-number
aerodynamics of flapping airfoils cannot be explained by the steady-
state fluid dynamic theory, because the fluid physics is definitely
time-dependent. It should also be noted that this distribution in thrust
force over a complete cycle of flappingmotionwill lead to a variation
of the total input power.

Figure 8 shows the predicted time history ofCd andCl values over
a complete cycle for the upper flapping airfoil with different flexure
extents under a flow condition of Re� 104, kr � 2, and ho � 0:4.
The corresponding vorticity contours and particle traces for dual-
airfoil configuration with a flexure extent of 0:25c are displayed in
Figs. 9 and 10, respectively. Inspection of Fig. 8a reveals that the
effect of the flexure extent of the airfoil on the drag coefficient history

obviously occurs on the acceleration stage of the clapping and
departing strokes. The thrust force from the flapping airfoils is
decreased with increasing of flexure extent among the tested cases.
This is due to the fact that the thrust-indicativewake pattern is formed
from the interaction of the separating leading-edge vortex with the
trailing-edge vortex. The deformation of the airfoil shape on the
trailing edge will reduce this vortex-vortex interaction (Fig. 9).
However, there is little difference in thrust-force history when the
airfoils move from the maximum speed to the rest condition.
Observation of the vorticity contours shows that the formation of the
leading-edge vortex, the associated attached separation bubble, and
the clockwise rotation vortex near the middle of the airfoil are less
influenced by the degree of flexure extent in this deceleration period.
For the counter-flapping dual-airfoil configurations, the effect of the
chordwise flexure extent on the thrust force is exhibited of twin
peaks instead of the single peak at the middle of the departing stroke.
Figure 8b shows that the positive lift force is generated in the
clapping stroke but the negative lift force is generated in the departing
stroke, which is attributed to the dynamic stall effect. In addition, the
effect of flexure extent on the lift coefficient is opposite to that of the
drag coefficient for a dual-flexible-airfoil configuration with plunge
oscillation.

The flow mechanism of thrust-force generation for the biplane
counter-flapping dual-airfoil configuration can be further examined
from the observation of particle traces over a complete cycle, as
shown in Fig. 10. Some major features on the complex unsteady
wake structure can be classified. Placing massless particles at the
upstream positions of the leading edge of the dual airfoils, the
aforementioned cyclic mutual interaction of the separating leading-
edge vortex with the trailing-edge vortex over a complete cycle
results in the formations of amushroompattern of thewake structure.
The mushroom pattern of particle traces is symmetrical with respect
to the central line of the airfoils, because the counter-flappingmotion
is specified. The mushroom heads point downstream, meaning that
the thrust force is generated during cyclic oscillation of the airfoils.
The experimental study by Lai and Plazter [10] found a similar flow
pattern of wake structure for a plunging airfoil. The present study
found that the wake structure is a function of not only Reynolds
number but also the flexure extent of the airfoil at a fixed reduced
frequency that characterizes the propulsion efficiency of the dual
airfoils.

Figure 11 shows the variations of the input-power coefficient �,
the period-averaged thrust-power coefficient �, and the propulsion
efficiency � with respect to the flexure extent of the airfoil for flow
conditions of Re� 104, kr � 2, and ho � 0:4. The predicted result
for a single airfoil with the same flapping mode is also presented for
comparison. Themaximumperiod-averaged thrust force occurs for a
flexure extent of 0.1, which is similar to the earlier observation for a
single airfoil [24]. Meanwhile, the period-averaged thrust force is

Fig. 11 Interrelationship between the input-power coefficient, trust
power coefficient and propulsive efficiency with respect to flexure extent

computed at Re� 104, kr � 2, and ho � 0:4.
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increased 2.52 times. Increase of the flexure extent of the airfoil from
0.1 to 0.3 results in the decay of period-averaged thrust force. The
relationship between the input-power coefficient with flexure extent
of the airfoil is monotonically descending. Furthermore, it can be
seen that the trend in the propulsive efficiencywith increasing flexure
amplitude is not monotonic.

This study also investigates the effects of the Reynolds number
and the reduced frequency on the aerodynamic performance of a
flapping airfoil with the flexure amplitude of 0.25. Note that the
nondimensional plunge amplitude is maintained at a constant of
ho � 0:4 in all runs. Figure 12 presents the variations of the period-
averaged thrust-power and input-power coefficients with the reduced
frequency for frequency values of kr � 0:5–3:5 and Reynolds
numbers of Re� 102, 103, and 104, respectively. It can be seen that
the reduced frequency value has a greater effect on the thrust-power
coefficients and input-power coefficients than the Reynolds number.
The thrust-power coefficient increases linearly with the reduced
frequency value in the tested range ofReynolds numbers, as shown in
Fig. 13. The input-power coefficient increases exponentially as the
reduced frequency increases. This trend can be attributed to the fact
that a more rapid oscillation of the flexible airfoil in flapping motion
requires the input of a greater mechanical power. Figure 14 illustrates
the influence of the reduced frequency value on the propulsive
efficiency of a flexible airfoil with a flexure amplitude of a0 � 0:25
at Reynolds numbers of Re� 102, 103, and 104, respectively.
The overall domain is divided by the dashed line into an upper
thrust-dominated zone and a lower drag-dominated zone. The
reduced frequency values corresponding to the peak propulsive
efficiency at Reynolds numbers of Re� 102, 103, and 104 are found
to be kr � 3:5, 3, and 1.5, respectively.

IV. Conclusions

A numerical investigation of counter-flapping flexible flapping
dual-airfoil propulsion suitable for micro aerial vehicles (MAVs)
has been accomplished. This study has employed Navier–Stokes
analysis to compute the unsteady viscousflowfields associatedwith a
low-Reynolds-number flow over a dual chordwise flexible airfoil
executing in-plane plunge motion. The computational domain has
been constructed with conformal hybrid meshes and the dynamic
mesh technique applied to illustrate the continuous deformation
modes of the flexible flapping airfoil. To ensure a comprehensive
examination of the influence of the flexure amplitude on the aero-
dynamic performance of the flapping airfoil atRe� 104, kr � 2, and
ho � 0:4, the present study has considered seven flexure amplitudes
ao, ranging from 0.0 to 0.3 at an interval of 0.05. The thrust-
indicative mushroom pattern of wake structures have been observed
behind the trailing edge of the airfoil for airfoils with flexure
amplitudes of 0.0 to 0.25 times the chord length. The results have
shown that the period-averaged propulsion efficiency is optimized
when the flapping airfoil has a flexure extent of 0.25. This study has
also computed the propulsion efficiency and the propulsion thrust
under various combinations of Reynolds number and reduced
frequency. The numerical results have confirmed that the propulsion
efficiency is influenced primarily by the value of the reduced
frequency rather than by the Reynolds number.

Fig. 13 Effect of reduced frequency on downstream period-averaged
mean velocity-magnitude distribution for dual flexible airfoils with a0 �
0:25 in cases of Re� 104 and ho � 0:4: a) x=c� 1:0 and b) x=c� 1:5.

Fig. 14 Effect of reduced frequency on propulsive efficiency at

Re� 102, 103, and 104.

Fig. 12 Effect of reduced frequency on power coefficient at Re� 102,

103, and 104.
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