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Experimental and Numerical Study of Forward Flight
Aerodynamics of Insect Flapping Wing
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Experimental and numerical studies are conducted on the aerodynamic characteristics of a flapping wing of an
insect in forward flight. Unsteady aerodynamic forces and flow patterns are measured using a dynamically scaled
mechanical model in a water tunnel. The design of the model is based on the flapping wing of a bumblebee. The forces
and flow patterns are also computed using a three-dimensional Navier—Stokes code. Comparisons between the
experimental and numerical results show good agreement in the time histories of aerodynamic forces and flow
patterns in both hovering and forward flight. Aerodynamic mechanisms of a flapping wing in forward flight, such as
delayed stall, rotational effect, and wake capture are examined in detail. The results indicate that these aerodynamic
mechanisms had an effect on the aerodynamic characteristics of the flapping wing in forward flight; however, these
mechanisms function differently during the up- and downstroke, for different stroke plane angles, and for different

advance ratios.

Nomenclature

semichord length at 2/3 semispan length as a
reference length

normal fluid force, lift, and thrust coefficients
power coefficient

sectional force coefficient normal to stroke plane
normal force

= flapping frequency

advance ratio (=U,/V,)

reduced frequency

lift

spanwise length from flapping axis to reference
chord

= power

Reynolds number

nondimensional spanwise location

= thrust

nondimensional time (=f7)

forward velocity

reference velocity (=27 f¢yl,)

relative inflow velocity

effective angle of attack

propulsive efficiency

feathering angle and amplitude of feathering
angle

rotational acceleration time

Cr, Cp, Cp
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T T, = rotational time and reversal time

¢ = flapping angle and amplitude of flapping angle
v = stroke plane angle

Wy = nondimensional vorticity about y-axis
Superscripts

* = nondimensional parameter

- = time-averaged (during one cycle) value

1. Introduction

ICRO air vehicles (MAVs), which are handheld unmanned

aircraft, are expected to be used for rescue, surveillance,
exploration, and reconnaissance missions. The flapping flight of an
insect has drawn attention as a good candidate for designing MAVs.
Many insects have unique flying capabilities, namely, abilities to
hover and turn abruptly, in addition to usual cruise flight. Many
experimental and numerical studies have clarified the aerodynamic
mechanisms of the flapping flight of insects: delayed stall [1-5],
which is a main contribution to aerodynamic forces due to a leading-
edge vortex attached to the wing surface; rotational effect [6-9],
which results in additional lift during a feathering rotation; wake
capture [6,8,10], which is the interaction between the wing and the
wake induced in the previous stroke; and clap and fling [11,12],
which is the interaction between the left and right wings.

Because of their very small size and high flapping frequency,
direct measurements of the unsteady aerodynamic forces and flow
patterns around insects are difficult. In experimental approaches,
dynamically scaled mechanical models have provided reliable and
significant data on unsteady aerodynamic forces and flow patterns
around flapping wings. They have proved to be a powerful tool in the
investigation of the aerodynamic mechanisms of flapping wings.
Birch and Dickinson [4,10], Sane and Dickinson [5,7], Dickinson
et al. [6], Lehmann et al. [11], and Birch et al. [13] have conducted
measurements of unsteady aerodynamic forces and flow visual-
ization in an oil tank using a dynamically scaled mechanical model
based on a fruit fly. They have clarified the aerodynamic mechanisms
of flapping wings in hovering flight. Measurements of unsteady
aerodynamic forces of tandem wings based on a dragonfly have been
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conducted by Maybury and Lehmann to investigate the flow
interaction between the forewings and hind wings using a
mechanical model submerged in mineral oil [14]. Such measure-
ments have also been conducted in water by Isogai et al. [15] and
Yamamoto and Isogai [16]. The previous studies of force
measurements with scaled models have been conducted in still fluids,
which simulate only a hovering flight. Recently, Dickson and
Dickinson [17] have conducted measurements of aerodynamic
forces using their scaled mechanical model translated horizontally in
an oil tank with a wing revolving at a constant angular velocity; they
have investigated the effect of advance ratio on delayed stall.
However, experimental simulations of a flapping wing in forward
flight, in which the rotational effect and wake capture are also
included, have not been conducted yet.

Numerical simulations using computational fluid dynamics (CFD)
have been a powerful and important tool for investigating the
aerodynamics of insect flight and developing MAVs. The
aerodynamics of flapping wings in forward flight have been studied
mainly by numerical simulations [18-20]. However, although the
results of numerical simulations have been validated for hovering
described previously, numerical results for forward flight have not
been validated because of a lack of experimental data in forward
flight.

In this study, we conduct experimental and numerical simulations
of a flapping wing of an insect in forward flight. We also investigate
the aerodynamic mechanisms of a flapping wing in forward flight,
such as delayed stall, rotational effect, and wake capture. Unsteady
aerodynamic forces and flow patterns around the wing are measured
using a dynamically scaled mechanical model placed in a water
tunnel, which simulates hovering and forward flight of insects. The
design of the model is based on the flapping wing of a bumblebee,
Bombus terrestris. The experimental results are compared with the
numerical results computed using the three-dimensional Navier—
Stokes code. We also investigate the effects of the advance ratio and
stroke plane angle on the aerodynamic characteristics of the flapping
wing in forward flight.

II. Materials and Methods

A. Motion Kinematics of a Flapping Wing

Three orthogonal coordinate systems of a flapping wing are
employed, as shown in Fig. 1. The origin O is at the base of the right
wing, the Z direction is vertically downward, and the X axis is in the
direction of the forward flight; OXYZ makes a right-handed
Cartesian coordinate system. The z axis coincides with the flapping
axis; therefore, the x-y plane coincides with the stroke plane.
Although the stroke plane is horizontal in hovering flight, itis tilted at
an angle ¥ around the Y axis in forward flight. The coordinate system
0, Xy YuwZy 18 fixed with the right wing and rotates together with the
wing. The y,, axis coincides with the feathering axis of the wing, the
Z,, axis is parallel to the wing chord direction, and the direction of the
x,, axis is from the dorsal to the ventral side. The flapping angle ¢ is
defined as the angle between the y, axis and the y axis, and the
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Fig. 1 Three-dimensional coordinate systems of a flapping wing.

feathering angle 6 is defined as the angle between the z,, axis and the
Z axis.

The aerodynamic force acting on the wing is divided into a normal
force F, and a tangential force F,. It is also divided into a vertical
component, lift L, and a horizontal component, thrust 7. The lift and
thrust are related to F,, and F, as follows:

L\ ([ cosyp —siny \(cos¢pcos® cos¢gsind)(F,
T) \—siny —cosy —sinf cos 6 F,
9]

We employed simple trapezoidal-type motion kinematics of the
flapping wing, which has been simplified on the basis of the observed
data for the bumblebee by Dudley and Ellington [24]. The time
histories of its angular velocity are represented as a trapezoidal
function, as shown in Fig. 2. The flapping motion can be divided into
two phases: a flapping translational phase and a reversal phase. In the
flapping translational phase, the wing moves at a constant flapping
velocity. In the reversal phase, the wing decelerates and accelerates at
a constant rate around the flapping reversal. The duration of the
reversal phase is denoted by a reversal time t,, which is
nondimensionalized by the flapping period. The feathering motion
can also be divided into two phases: a feathering translational phase
and a rotational phase. The wing moves at a constant angle of attack
in the feathering translational phase; then, the wing rotates around the
feathering axis in the rotational phase. The time duration of the
rotational phase is denoted by a nondimensional time t,, and the
rotational acceleration time of the feathering motion is denoted by t,,.
In this study, the parameters of motion kinematics were determined
asfollows: t, = 0.2, 7, = 0.3, and t, = 7, /4. These parameters were
estimated using the observed data for various insects [24,25]. As
shown in Fig. 2b, the waveform of feathering motion is symmetrical
with respect to the reversal points (+* = 0 and 0.5), and itis referred to
as symmetrical motion [Q].

B. Dynamically Scaled Mechanical Model for Force Measurement

We used a dynamically scaled mechanical model of a flapping
wing for measurements of unsteady aerodynamic forces. The scaled
mechanical apparatus is illustrated in Fig. 3. The flapping and
feathering motions were driven by two stepping motors. The two
motions were controlled independently using a controller. The
accuracy of the wing motions was confirmed by video images (the
maximum error in the angle was 0.09% and the maximum error in the
period was 0.3%). The motor for flapping motion was connected to
the flapping axis through gears. The motor for feathering motion was

Upstroke Downstroke

Reversal phase

a) Flapping motion

Rotational phase .10

b) Feathering motion

Angle ---- Angular velocity
Fig. 2 Time histories of angle and angular velocity of wing kinematics.
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Fig. 3 Dynamically scaled mechanical model for force measurement.

placed on abox fixed to the flapping axis; therefore, the motor rotated
with the flapping motion. A rectangular beam ran from the motor for
feathering motion to the wing base, passing through the box.

The rectangular beam was used as a force/torque transducer and
mounted two sets of strain gauges. The set of strain gauges was
placed on the two sides of the beam and wired to form a two-active
gauge method that can measure a bending moment. Therefore, the
rectangular beam can measure the bending moments at the two
different locations of the beam. Although it was difficult to measure
the distribution of fluid forces on the wing, we could calculate the
total force acting on the wing from the difference between the
bending moments at the two locations [16]. The resultant force acting
on the wing F is calculated by

F=(M,—M)/d @)

where M, and M, are the bending moments at the two locations
measured by the strain gauges, and d is the distance between the two
locations with the strain gauges. The force/torque transducer had a
nonlinearity of less than 0.07%. The signals from the force/torque
transducer were processed through a signal conditioner/amplifier and
filtered using a low-pass filter with a cutoff frequency of 10 Hz. The
filtered signals were input into a data acquisition device. In addition,
a timing signal from the motor controller was simultaneously input
into the data acquisition device to relate the force data to the flapping
kinematics. The force data were recorded in eight flapping cycles
(7th—14th) in hovering flight and in seven flapping cycles (3rd—9th)
in forward flight. We confirmed that a similar aerodynamic force
waveform appeared during each cycle. Finally, the averaged force
data of a cycle were obtained.

A normal force acting on the wing surface and a torque around the
flapping axis were measured in our experiments. Itis well known that
the fluid force tangential to a thin, flat, flapping wing is very small
compared with the normal fluid force [6,13]. In addition, the torque
around the feathering axis is very small compared with the torque
around the flapping axis [9]. The torque around the flapping axis M,
was interpolated using the measured bending moments at the two
locations. The aerodynamic power P required for the flapping
motion is given by

P=M¢ 3)

Note that the measured forces and torques include the gravitational,
buoyant, and inertial contributions, in addition to the aerodynamic
force and torque. Therefore, we must subtract these unnecessary
forces and torques from the measured data. The gravitational and
buoyant forces were measured in water at a very slow flapping
frequency of 0.01 Hz; the contribution of inertia was measured in air.

The flapping apparatus was placed over a circuit water tunnel (in
Nippon Bunri University, Oita, Japan). The size of the water tunnel
was 6 mlong x 3 m wide, and it had a test section with dimensions
of 1.9 mlong x 0.75 mwide x 0.38 mhigh. The water velocity
ranged from 0.02 to 0.2 m/s, where the nonuniformity of velocity
was less than 2% across the test section of the water tunnel. The water
surface reached the flapping axis; then, the height of water was
0.36 m.

The test wing was a thin, flat plate with a span length of 100 mm
and a thickness of 1 mm. The edge around the wing was a square
shape. To minimize the gravitational and inertial contributions, the
test wing was made of an acrylic plate embedded inside an aluminum
frame. The planform of the test wing was similar to that of a
bumblebee. The bumblebee has two forewings and two hind wings.
The hind wings do not move independently and are coupled with the
forewings. In this study, we considered both the forewing and hind
wing as a single wing, as shown in Fig. 4. The test wing was
considered to be arigid wing because its deformation was very small.
In our experiments, the maximum deformation of the wing tip was
not more than 1 mm.

Three nondimensional parameters are required for accurate
dynamic scaling of the forces and flows obtained via the scaled
model: the Reynolds number, reduced frequency, and advance ratio.
A reference length b is 15.75 mm, defined as a semichord length at
two-thirds the semispan location, at which the bumblebee has the
maximum chord length of its forewing. A reference velocity V, is
defined on the basis of the flapping velocity and is given by

Vo =2nf¢ol, (C)]

where [, is the length from the flapping axis to the reference chord, f
is the flapping frequency, and ¢, is the amplitude of flapping motion.
In our experiments, the wing base was placed at a distance of 24 mm
from the flapping axis; therefore, /. = 90.7 mm, or the nondimen-
sional spanwise location r*(=y,,/1) is 0.73.

The Reynolds number, reduced frequency, and advance ratio are
defined as follows:

Re =Vyb/v, k=2nfb/V,, J=Uy/V, 5)

where v is the kinematic viscosity and U, is the forward velocity.
Although the literature [24] shows that the bumblebee changes the
amplitudes of the flapping and feathering angles with respect to the
advance ratio, the amplitudes of the flapping and feathering motions
were fixed at 60 and 45 deg, respectively, in all our simulations; then,
k=0.166. The Reynolds number of the bumblebee is 1980,
calculated from Eq. (5), based on the literature [24]. Our
measurements were conducted in the range Re = 1800-4700
because we confirmed that the Reynolds number had a small effect
on the aerodynamic characteristics of the flapping wing in this range;
then, the flapping frequency was in the range of 0.2-0.5 Hz.

The measured fluid forces and power are nondimensionalized as
follows:
CF:Fn/(OSIOV(%S)y

C,=L/(0.5pV2S), Cy=T/(0.5pV2S)
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Fig. 4 Planform of test wing.
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Cp=P/(0.5pV}S) )

where § is the wing area and p is the density of fluid. To evaluate the
performance of flapping wings, we defined the efficiency of the
flapping wing. Propulsive efficiency is generally defined as

n=TUy/P 8)

In hovering or horizontal forward flight, lift does no work on the body
of the insect because the body does not move in the vertical direction.
However, we considered the ratio of C; /Cp as the efficiency of lift in
this study.

C. Digital Particle Image Velocimetry

Flow visualization was conducted using stereo digital particle
image velocimetry (DPIV). DPIV measurements were performed in
the water tunnel using the same dynamically scaled mechanical
apparatus. The test wing used for flow visualization was different
from that used for the force measurements; it was made entirely of an
acrylic plate so that a sheet of light could pass through the wing, and it
had a thickness of 2 mm so that the deformation of the wing was very
small. The planform was a simple delta shape approximating the
planform of the bumblebee, shown in Fig. 4. The two test wings had
almost the same area and aspectratio. By measuring the aerodynamic
forces on the two test wings, we confirmed that the difference in their
aerodynamic characteristics was not more than 2%. Nylon particles
with a mean diameter of 4.1 um and a density of 1.02 g/cm? were
used as tracer material. A Nd:YAG laser (Solo III-15, New Wave
Research, Inc., United States) was used as a light source; the laser
sheet passed horizontally through the side wall of the water tunnel.
To visualize the flow pattern of the entire wing, PIV measurements
were carried out by applying the laser sheet at 11 different heights. A
timing controller (PTU9, LaVision, Germany) was used to
synchronize the laser with two double frame digital cameras (Imager
Pro X 4M, LaVision). The two cameras were placed below the water
tunnel; a mirror inclined at 45 deg was placed in front of the two
cameras to reflect flow images through the bottom of the water
tunnel. The arrangements of these devices are illustrated in Fig. 5.
Image pairs were captured with a time interval of 5 ms. Seven image
pairs were recorded in 1 s with a flapping frequency of 0.2 Hz
(Re = 1878); thus, 35 image pairs were recorded in one flapping
cycle. Two cycles (the eighth and ninth cycles) were recorded in one
measurement. Two such measurements were carried out under the
same condition; as a result, images of four cycles were recorded,
which were finally averaged. Image acquisition and processing were
performed by LaVision Davis 7.1 software. Each recorded image
was processed for obtaining a vector field. In vector field

{Driver | Motor

[Driver} controller

\ Light sheet

N
Q
O\ Nd:YAG Laser

Mirror

Cameral .-~

-~
, Timing Trigger
controller

1 |

| PC

Fig. 5 Arrangement of digital particle image velocimetry system.

computation, stereo cross-correlation was selected, which used a
primary correlation window of 64 x 64 pixels and a subcorrelation
window of 32 x 32 pixels with a 50% window overlap. This
typically yielded 125 x 125 vectors per PIV image. Once a vector
field was calculated, vector validation was applied to eliminate
spurious or false vectors. A regional median filter was applied to
reject and replace any vectors whose magnitude fell further than two
standard deviations from the mean.

D. Numerical Simulation Using Three-Dimensional
Navier—Stokes Code

Numerical simulations of a 3-D flapping wing were conducted
using the 3-D Navier—Stokes code developed by Isogai et al. [15].
They have validated this code in relation to the time histories of
unsteady aerodynamic forces in hovering flight by comparing it with
the experimental results obtained using a dynamically scaled
mechanical model of a dragonfly in still water [16]. The time-
differenced form of the geometric conservation law coupled with the
conservation form of the three-dimensional Navier—Stokes (NS)
equations was solved at each time step. The implicit time-integration
algorithm without inner iteration was used, and the Courant number
near the body was taken to be 0.75 so that the time accuracy of the
computation was maintained. The total variation diminishing
scheme was employed to solve the NS equations. The far-field
boundaries were located at a distance of 15 chord lengths in the y
direction. At these boundaries, the flow equations were given by the
zero-order extrapolation from the inner points. At the y = 0 plane,
the symmetry conditions were applied. The wing had the same
planform as that used in the experiments shown in Fig. 4 but with a
zero thickness, unlike that used in the experiments. For all flow
computations, the Mach number was assumed to be 0.10, the
Reynolds number was 2347, and a no-turbulence model was used
because no transition occurs in such a low Reynolds number of the
order 103,

Three cases were tested for verification of the numerical code. The
first case had a grid system of 260 x 60 x 35 with a nondimensional
time step of 2.6 x 107, The second case was the same grid system
with a fine time step of 1.3 x 10™*. The third case had a fine grid
system of 321 x 74 x 42 with the time step of 2.6 x 10~*. Figure 6
shows the time histories of lift, thrust, and power coefficients in
hovering flight for the three cases. The time histories of the forces in
the three cases are in good agreement. The time-averaged values
have a difference less than 3% in the three cases. Therefore, we
adopted the grid system of 260 x 60 x 35 and the time step of
2.6 x 10™* in the subsequent calculations. In this grid system, the
number of grid points on the upper/lower wing surfaces was 60 in the
chordwise direction and 25 in the spanwise direction. The number of
grid points in the direction normal to the upper/lower surfaces was 30
in each direction.

III. Validation of Experimental and Numerical
Methods

For validation of our experimental and numerical methods, we
compare the experimental and numerical results in relation to
aerodynamic forces and flow patterns in both hovering and forward
flight. First, the time histories of aerodynamic forces are compared
between the experimental and numerical results. Figure 6 shows a
comparison of the time histories of aerodynamic forces in hovering
flight between experimental and numerical results. The experimental
and numerical results are in good agreement. In hovering flight, the
lift and power have the same waveforms during the up- and
downstroke (see Figs. 6a and 6¢), whose time-averaged values are
positive, because the wing experiences the same flow condition
between the up- and downstroke. On the other hand, the waveforms
of thrust are the same during the up- and downstroke but are positive
and negative, respectively (see Fig. 6b), and the time-averaged value
in one flapping cycle is practically zero. In the translational phase
(white area in Fig. 6), where the wing moves at a constant flapping
velocity and a constant angle of attack, the waveforms obtained by
the numerical simulation agree well with those of the experimental
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Fig. 6 Verification and validation of time histories of aerodynamic
forces in hovering flight.

results in C;, Cr, and Cp. Once the rotational phase begins
(r* = 0.350r0.85), the fluid forces are enhanced due to the rotational
effect; once the deceleration phase begins (* = 0.4 or 0.9), the fluid
forces reduce; once the acceleration phase begins (+* = 0.0 or 0.5),
the fluid forces increase rapidly. These trends are observed in the two
waveforms of the experimental and numerical results, although
slight discrepancies appear in the rotational phase. At the end of the
acceleration phase (* = 0.1 or 0.6), the waveforms of the numerical
result have noticeable peaks, which are considered to be due to the
discontinuous acceleration at that time, as shown in Fig. 2a.

Figures 7 and 8 show the time histories of the aerodynamic forces
in forward flight when J=0.20 and 0.47, respectively, at
Y =45deg. J=0.20 corresponds to a comparatively slower
forward velocity for the bumblebee, that is, 1.7 m/s; J =0.47
corresponds to a comparatively faster forward velocity, that is,
4.0 m/s [24]. It can be seen from Figs. 7 and § that the waveforms of
the experimental and numerical results in forward flight are in good
agreement. In forward flight, the lift is mainly generated during the
downstroke, whereas the thrust is mainly obtained during the
upstroke.

Next, flow patterns around the flapping wing are compared
between the experimental and numerical results. Figures 9a and 9b
show the flow patterns in the middle of the downstroke (* = 0.75) in
hovering flight. They are obtained from the experimental and
numerical simulation, respectively. The images on the left of Fig. 9
show the three-dimensional distributions of the nondimensional
vorticity @y, in which the images at some wing sections are
superimposed (11 sections in PIV; 25 sections in CFD). The images
on the right of Fig. 9 show the two-dimensional (X-Z plane) vector
distributions of the flow velocity around the section at »* = 0.60, in
addition to the distributions of w}. A comparison between the
experimental and numerical results reveals that the distributions of
the flow velocity and vorticity agree well qualitatively and
quantitatively. In the image on the left of Fig. 9, a counterclockwise
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Fig. 7 Comparison of time histories of aerodynamic forces when J =
0.20 and ¥ = 45deg.

leading-edge vortex (light gray) is attached to the wing surface in the
range of r* = 0-0.7. The size of the vortex increases further from the
wing base, which indicates that the leading-edge vortex forms a
conical structure. In the region where r* > 0.7, the leading-edge
vortex is no longer attached to the wing surface; instead, a clockwise

Upstroke Downstroke
L
9 rotational
TN
/7 BN~
1 i\
g / \
o =
a) Lift coefficient
2
< !
JAL M/{\\‘ — =X\
O;__ =TT TR o
b) Thrust coefficient
2 -
[ 1 | /4
) B
0 —///\\\—_ AN
0 0.25 0.5 0.75 1
t
¢) Power coefficient
———  Experiment = ----- NS simulation

Fig. 8 Comparison of time histories of aerodynamic forces when J =
0.47 and ¥y = 45deg.
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Fig. 9 Comparison of vorticity and flow velocity in hovering flight.

trailing-edge vortex (dark gray) is generated. These phenomena are
observed in both the experimental and numerical results.

Figures 10a and 10b show the three-dimensional distribution of wy
around the flapping wing in the slower forward flight at J = 0.20
obtained by the experimental and numerical simulations,
respectively. The images on the left of Fig. 10 show the flow
patterns in the middle of the downstroke (* = 0.75), whereas the
ones on the right show the flow patterns in the middle of the upstroke
(t* =0.25). In the downstroke (images on the left in Fig. 10), a
counterclockwise leading-edge vortex (light gray) attached to the
wing surface is larger than that in hovering flight. On the other hand,
in the upstroke (images on the right in Fig. 10), a smaller clockwise
leading-edge vortex (dark gray) is attached to the surface near the
wing tip. These phenomena are seen in both the experimental and
numerical results.

Figures 1la and 11b show the distribution of @} in the faster
forward flight at J = 0.47 obtained from the experimental and
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Fig. 10 Comparison of vorticity around the wing at J = 0.20.
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Fig. 11 Comparison of vorticity around the wing at J = 0.47.

numerical simulations, respectively. As shown in the images on the
left of Fig. 11, a much larger counterclockwise leading-edge vortex
(light gray) and clockwise trailing-edge vortex (dark gray) appear in
the downstroke. On the other hand, a much smaller clockwise
leading-edge vortex (dark gray) appears on the upper surface only
near the wing tip; in addition, a counterclockwise leading-edge
vortex (light gray) appears on the lower surface near the wing base.
These phenomena are seen in both the experimental and the
numerical results.

Finally, the time-averaged values are compared between the
experimental and numerical results. The time-averaged aerodynamic
characteristics, with respect to the advance ratio obtained from
experiments and numerical simulations, are shown in Fig. 12 for each
stroke plane angle. From Figs. 12a—12¢ and 12e, the time-averaged
values of the numerical results are smaller in C;, Cy, Cp, and 1 than
those of the experimental results. However, the ratio of C; /Cjp is in
very good agreement between the experimental and numerical
results (see Fig. 12d). The effects of advance ratio and stroke plane
angle on the aerodynamic characteristics (described subsequently in
detail) are qualitatively similar between the experimental and
numerical results.

Although our experimental and numerical results show good
qualitative agreement in both aerodynamic forces and flow patterns
in both hovering and forward flight, some quantitative discrepancies
exist. It is considered that the main reason of the quantitative
discrepancies is the difference of the leading-edge shapes between
the experimental and numerical wing models. Whereas the
experimental wing model had a square shape of the leading-edge, the
numerical one had a sharp leading-edge with a zero thickness. As
shown in Fig. 9a, the leading-edge vortex is stretched in front of the
leading-edge due to the square edge of the experimental test wing. On
the other hand, the leading-edge vortex is generated just at the sharp
leading-edge of the numerical test wing as shown in Fig. 9b. As a
result, the size of the vortex in the experiment is larger than that in the
calculation. Therefore, the time histories of the forces in the
numerical simulation are smaller than those in the experiments
entirely through the stroke. The time-averaged values shown in
Fig. 12 have noticeable discrepancies because the small
discrepancies shown in the time histories are integrated through a
cycle. Despite the discrepancy of each time-averaged coefficient, the
ratio of the coefficients C; /Cp is in very good agreement, which
indicates the qualitative validity of the numerical results.
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The agreements between our experimental and numerical results
in hovering and forward flight are as good or better than any other
agreement shown in the literature [8,9,15,16,19-23]. Our
experimental and numerical results are sufficiently valid to initiate
adiscussion about the aerodynamic characteristics of a flapping wing

in hovering and forward flight.

IV. Results and Discussion

A. Discussion on Time-Averaged Aerodynamic Characteristics

We discuss the time-averaged aerodynamic characteristics shown
in Fig. 12 and investigate the effect of advance ratio and stroke plane
angle on the aerodynamic characteristics of the flapping wing in
forward flight. As shown in Fig. 12a, C; increases with increasing
the advance ratio at every stroke plane angle, and C; decreases with
an increase in the stroke plane angle for all advance ratios. The
dashed line in Fig. 12a indicates the experimental result in hovering
flight at ¢ = O deg. Because of the inclination of the stroke plane

0 0.1 0.2 0.3 0.4 0.5 0.6

d) Efficiency of lift
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Measured results in
hovering flight

Plot of aerodynamic characteristics against advance ratio for every stroke plane angle.

angle, C; in forward flight is smaller than that in hovering flight at
low advance ratios; however, some values are higher at high advance
ratios. The dashed-dotted line in Fig. 12a indicates the C; required by
the bumblebee to stay aloft [24]. The results indicate that the wings at
Y =75 deg cannot generate enough lift for the bumblebee to stay
aloft in the range of J < 0.5.

As shown in Fig. 12b, C; decreases with an increase in the
advance ratio at every stroke plane angle and becomes negative at an
advance ratio, which means that the flapping wing generates drag. C
increases with the stroke plane angle for all advance ratios. The
dashed-dotted line in Fig. 12b indicates the body drag coefficient for
the bumblebee [26]. Cy above the dashed-dotted line is required for
forward flight of the bumblebee. The results for / = 0.2 indicate that
the bumblebee can achieve sufficient lift but cannot fly forward at
¥ = 15deg; however, it may be able to fly forward but not
horizontally at = 60 deg. Hence, the bumblebee needs to select an
appropriate stroke plane angle with respect to the advance ratio. The
stroke plane angle of the bumblebees is not more than 45 deg in the
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Fig. 13 Instantaneous two-dimensional streamlines around four
sections in hovering flight.

range of J <0.53 according to the observation [24]. The
experimental and numerical results of the flapping wing when ¥ =
45deg and J = 0.53 indicate that the bumblebee can generate
enough lift to stay aloft; however, it falls a little short of the thrust
required to carry it in its forward flight. Unlike in this simulation, a
bumblebee in fact uses different amplitude of feathering angle
between the up- and downstroke and through the advance ratios [24].

As shown in Fig. 12c, Cp at ¥ = 15deg increases with the
advance ratio and is larger than that in hovering flight; Cp at
¥ = 30 deg is almost constant with respect to the advance ratio, and
Cp atyy > 45 deg decreases with an increase in the advance ratio and
is smaller than that in hovering flight. As shown in Fig. 12d, C; /Cp
increases with the advance ratio at every stroke plane angle; in
addition, the increase rate of C, /Cp with respect to the advance ratio
increases with the stroke plane angle. For example, although C; /Cp
at ¥ = 15deg is larger than any other stroke plane angle when
J < 0.25, itis smaller than that at = 30 deg when J > 0.25 and that
at ¥ = 45deg when J > 0.37. This fact implies that the flapping
wing generates lift more efficiently with a larger stroke plane angle at
high advance ratios, benefiting from the freestream. As shown in
Fig. 12e, n has a maximum in an advance ratio at every stroke plane
angle. The advance ratio with the maximum of 7 and the maximum
value increase with increasing stroke plane angle.

B. Discussion on Flow Conditions

To investigate the cause of the aerodynamic characteristics just
described, we will now discuss the flow conditions around the
flapping wing in forward flight and investigate the effect of advance
ratio on the aerodynamic characteristics. In this section, the
numerical results are mainly used because they simplify the
investigation of the overall three-dimensional flow around a flapping
wing.

Figure 13 shows the two-dimensional instantaneous streamlines
around the four wing sections in the middle of the downstroke in
hovering flight. Note that the streamlines presented in this paper are
expressed as the relative flow against the wing (in the x,y,z,
coordinate system). The streamline separated from the leading-edge
is reattached to the wing in the range of r* = 0-0.7, forming a vortex
bubble (see Fig. 13a). The leading-edge vortex attached to the wing
surface enhances the fluid force acting on the wing. The
corresponding spanwise distribution of the sectional force coefficient
¢, normal to the stroke plane is shown in Fig. 14a. In this figure, it is
observed that c, increases from the wing base up to r* = 0.7. At
r* =0.7, which corresponds to the tip of the hind wing, the
reattachment point reaches the trailing edge and the vortex bubble

covers the entire upper surface, as shown in Fig. 13b; then, c, is
maximum. At r* = 0.7-0.8, the separated flow from the leading-
edge is no longer reattached; however, the vortex remains near the
upper surface of the wing (see Fig. 13c); c_, then, retains its high
value in spite of a decrease in the chord length. In the region where
r* > 0.8, the leading-edge vortex is shed from the wing surface;
instead, trailing-edge vortices are generated (see Fig. 13d). Then, the
streamline through the leading-edge has a slight curvature, which is
similar to the conventional stall occurring on a fixed wing; this results
in a decrease in the value of c,. Figure 14b shows the corresponding
instantaneous three-dimensional streamlines through the leading
edge. There is a strong spanwise flow in the core of the leading-edge
vortex from the wing base to the tip. The path of the spanwise flow is
near the leading-edge on the upper surface up to r* = 0.7. Then, it is
swept downstream and leaves the upper surface gradually from
r* = 0.7; finally, it gets connected to the tip vortex. The presence of
the spanwise flow is attributed to the leading-edge vortex attached
stably to the wing during a flapping translation [1,4,13]. The
spanwise flow is accelerated by a favorable pressure gradient and has
a maximum velocity of approximately v* = 0.6 at r* = 0.5. The
spanwise flow velocity reaches almost the relative inflow velocity at
each wing section. In the region where r* > 0.5, the spanwise flow is
decelerated by an adverse pressure gradient; then, it is swept
downstream away from the wing surface.

Next, we discuss the flowfield around the flapping wing as an
example of intermediate forward flight of J = 0.20 at ¢ = 45 deg,
where the propulsive efficiency is almost maximum, as shown in
Fig. 12e. Figure 15a shows the spanwise distributions of c_ in the
middle of the up- and downstroke (#* = 0.25 and 0.75), respectively.
As in hovering flight, ¢, also has a maximum at approximately
r* = 0.7 in the downstroke. The corresponding instantaneous three-
dimensional streamlines in the downstroke are shown in Fig. 15b.
There is also a strong spanwise flow in the core of the leading-edge
vortex. The path of the spanwise flow is totally swept downstream
compared with that in hovering flight. The maximum spanwise flow
velocity is approximately v* = 0.65 at r* = 0.4. The spanwise flow
velocity at J = 0.20 also reaches almost the relative inflow velocity
at each wing section. On the other hand, the point with the maximum
of c_ inthe upstroke is at * = 0.8 (see the dotted line in Fig. 15a), and
it moves toward the wing tip compared with that in the downstroke.
The corresponding three-dimensional streamlines in the upstroke are
shown in Fig. 15c. A weak leading-edge vortex lies only near the
wing tip in the upstroke (also shown in Fig. 10a), and a weak
spanwise flow exists in the core of the leading-edge vortex from
approximately * = 0.5 to the tip. As a result, acrodynamic force is
generated mainly near the wing tip. The strong spanwise flow in the

_—

0 0.25 0.5 0.75 1

a) Spanwise distribution of ¢;

b) In the downstroke (t¥= 0.75)

Fig. 14 Spanwise distribution of aerodynamic force and instantaneous
streamlines in hovering flight.
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Fig. 15 Spanwise distribution of aerodynamic force and the
corresponding instantaneous streamlines at J = (.20.

downstroke and the weak spanwise flow in the upstroke also
contribute to the stable attachment of the leading-edge vortex to the
wing surface during the flapping translation in forward flight. In fact,
the stable attachment of the leading-edge vortex in forward flight was
observed in the experimental results that were obtained from DPIV
measurements. Figure 16 shows the experimental results of the
vorticity sequences around the flapping wing at J = 0.20 during the
translational phases in the up- and downstroke. It is found that the
leading-edge vortices are never shed from the wing surface during
the flapping translations in forward flight.

(£=0.36) - }jpstroker P (r=0.13) y"‘
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U{)

(1'=0.64) (1"=0.87)
Downstroke
~ <4

e

Fig. 16 Experimental results of vorticity sequence around the wing
through the up- and downstroke at J = 0.20.

The flowfields around the flapping wing at the faster forward flight
of J = 0.47 are presented here, at which the wing generates a slight
thrust (see Fig. 12b). Figure 17a shows the spanwise distributions of
¢, in the middle of the up- and downstroke. The maximum of c, is at
approximately r* =0.7 in the downstroke. The corresponding
instantaneous two-dimensional streamlines around some sections
are shown in Fig. 18. The streamline separated from the leading edge
is reattached at the trailing edge at r* = 0.58 (see Fig. 18a). At
r* = 0.6-0.7, the separated flow from the leading edge is no longer
reattached. However, the vortex remains near the upper surface of the
wing (see Fig. 18b); then, c, retains its high values. In the region
where r* > 0.8, the leading-edge vortex is shed from the wing
surface and trailing-edge vortices are generated (see Fig. 18c). The
corresponding three-dimensional streamlines are shown in Fig. 17b.
There is also a strong spanwise flow in the core of the leading-edge
vortex in the downstroke at J = 0.47, while no spanwise flow
appears at the wing base because the forward velocity is predominant
compared to the flapping velocity. The path of the spanwise flow is
similar to that at J = 0.20. The maximum spanwise flow velocity is
approximately v* = 0.8 at r* = 0.4. The spanwise flow velocity at
J = 0.47 also almost corresponds to the relative inflow velocity at
each wing section. On the other hand, c_ in the upstroke is negative
almost along the wingspan and becomes positive at 7* > 0.8 (see the
dotted line in Fig. 17a). The corresponding two-dimensional
streamlines at 7* = 0.27 in the middle of the upstroke are shown in
Fig. 18d. In this figure, the inflow due to flapping motion is directed
from left to right, and the inflow due to forward flight is directed from
upper right to lower left. As a result, the net inflow, or the resultant

b) In the downstroke (£* = 0.75)

e

O‘,e

¢) In the upstroke (£* = 0.25)

Fig. 17 Spanwise distribution of aerodynamic force and the
corresponding instantaneous streamlines at J = 0.47.
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Fig. 18 Instantaneous two-dimensional streamlines at four sections
around the wing at J = 0.47.

inflow, enters the airfoil section from the upper surface. The
corresponding three-dimensional streamlines are shown in Fig. 17c.
There is no spanwise flow on the wing, and the inflow direction is
changed significantly along the wingspan: right to left at the wing
base and upper left to lower right at the wing tip. It is found that the
wing experiences a backflow condition near its base.

For a three-dimensional flapping wing, the effective angle of
attack is constant along the wingspan in hovering flight because the
inflow to the wing is caused only by the flapping motion of the wing.
Thus, the effective angle of attack is determined by only the
instantaneous feathering angle, and the relative inflow velocity is
determined by only the flapping velocity. If the wing moves
symmetrically in the up- and downstroke, then it experiences the
same inflow condition in the two strokes. On the other hand, the
inflow to the wing in forward flight is caused by both the flapping
motion of the wing and the forward velocity. Thus, the effective
angle of attack and the relative inflow velocity in forward flight are
determined by the instantaneous wing motion and attitude, that is,
flapping and feathering angles, stroke plane angle, flapping velocity,
and forward velocity. Therefore, the inflow conditions in forward
flight are variable along the wingspan and differ between the up- and
downstroke even if the wing moves symmetrically in both strokes.
The spanwise variations of the effective angle of attack in the middle
of the up- and downstroke (t* = 0.25 and 0.75) at ¢ = 45 deg are
shown in Fig. 19. Although the effective angle of attack in forward
flight is positive all along the span in the downstroke, it changes from
negative at the wing base to positive at the wing tip in the upstroke.
This indicates the presence of a backflow condition near the wing
base in the upstroke. As the advance ratio increases, the variation of o
along the span is not changed so much in the downstroke, although it
is changed considerably in the upstroke. By increasing the advance
ratio, the point at which o changes from negative to positive moves
further from the wing base to the wing tip (+* = 0.27 when J = 0.20
and r* = 0.61 when J = 0.47).

C. Discussion on Time-Varying Aerodynamic Forces

We discuss the time histories of the aerodynamic forces of the
flapping wing in forward flight and investigate the effect of advance
ratio and stroke plane angle on the aerodynamic forces of the flapping
wing. In this section, the experimental results are used for the
discussion of the time histories of aerodynamic forces.
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Fig. 19 Effective angle of attack along the wingspan.

Figures 20a and 21a show the time histories of the aerodynamic
force coefficient normal to the wing surface at every stroke plane
angle when J = 0.20 and 0.47, respectively. First, let us discuss the
translational phase in forward flight (white areas in the figures). The
delayed stall effect is predominant in the translational phase, where
the wing moves at a constant flapping velocity and at a constant
feathering angle. Although C in the upstroke is almost the same at
every stroke plane angle, C in the downstroke increases with a
decrease in the stroke plane angle. As the advance ratio increases, C.
decreases in the upstroke and increases in the downstroke. These
tendencies are related mainly to the relative inflow velocity and
effective angle of attack. Figures 22a and 22b show the time histories
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a) Normal fluid force coefficient
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¢) Thrust coefficient
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Fig. 20 Time histories of aerodynamic forces at J = 0.20.
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Fig. 21 Time histories of aerodynamic forces at J = 0.47.

of the effective angle of attack and relative inflow velocity at the
reference chord (#* = 0.73) when J = 0.47 with respect to the stroke
plane angle. In the downstroke, both the effective angle of attack and
relative inflow velocity increase with a decrease of the stroke plane
angle; therefore, C increases in the downstroke with a decrease of
the stroke plane angle. On the other hand, in the upstroke, the
effective angle of attack increases but the relative inflow velocity
decreases with a decrease of the stroke plane angle. As aresult, C in
the upstroke is almost unchanged at every stroke plane angle. In the
upstroke, although the effective angle of attack is always positive at
the reference chord, as shown in Fig. 22a, it is negative near the wing
base because of the backflow condition. As a result, the total fluid
force acting on the wing is almost zero at J = 0.47.

Next, let us discuss the rotational phase in forward flight (gray
areas in the figures). As the rotational phase begins, Cr increases
rapidly (see t* = 0.35-0.4 or 0.85-0.9 in Figs. 20a and 21a ). The
increment in Cy due to the rotational effect is similar for different
stroke plane angles and for different advance ratios, which is in
contrast with the delayed stall effect that has significant differences
for different stroke plane angles and advance ratios. This fact
indicates that the rotational effect is slightly dependent on the
effective angle of attack and advance ratio because the rotational
velocity is faster than the flapping and forward velocities in the range
of the advance ratio that is experienced by insects. The peaks of Cr
due to the rotational effect are larger than the values of Cr in the

Upstroke Downstroke

0 0.25 0.5 0.75 1

d) Contribution of normal force to thrust

e =300 ——— = 450

N y=75°

Fig. 22 Time histories of the effective angle of attack, relative velocity,
and contribution of normal force to lift and thrust.

translational phase at J = 0.20. On the other hand, these peaks are
smaller than the values of C in the translational phase at J = 0.47.
Because the rotational effect hardly benefits from the forward
velocity as compared with the delayed stall effect, the increase in the
advance ratio diminishes the importance of the rotational effect in
comparison with the delayed stall.

Although no peak of C appears in the early downstroke, there is a
peak of C in the early upstroke (at #* = 0.08), particularly at a
smaller stroke plane angle (e.g., case of ¥ = 15 degin Fig. 21a). This
is attributed to wake capture, which is the interaction between the
wing and the wake induced in the previous stroke. The vortices
produced in the previous upstroke are swept downstream away from
the wing in the early downstroke because the wing in the downstroke
moves in the opposite direction of the freestream. As a result, they
have a small effect on the wing. On the other hand, because the wing
moves together with the freestream in the upstroke, the vortices
produced in the previous downstroke seem to remain near the wing in
the early upstroke, particularly at a smaller stroke plane angle.
Therefore, wake capture is effective on the aerodynamic forces.

Figures 20b, 20c, 21b, and 21c show the time histories of C; and
CratJ = 0.20 and 0.47, respectively. The waveforms of C; and C;
in the upstroke are significantly different for different stroke plane
angles, although the waveforms of C in the upstroke are similar at
every stroke plane angle. For example, the waveform of C; in the
upstroke is positive at ¥ = 15, 30, and 45 deg and negative at {y = 60
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and 75 deg; the waveform of C; in the downstroke is positive at
Y =45, 60, and 75 deg and negative at ¥ = 15 and 30 deg. For
obtaining a larger lift and/or thrust, itis necessary to not only increase
the normal force but also select an appropriate wing attitude. Let the
contributions of the normal force to lift and thrust be represented by
L/F, and T/F,, respectively, which can be calculated from Eq. (1)
using the instantaneous attitude of the wing: the flapping, feathering,
and stroke plane angles. Figures 22¢ and 22d show the time histories
of L/F,and T/ F,,, respectively. The waveforms of C; and C canbe
well explained by the waveforms of L/F, and T/F,. It should be
noted that the relation shown in Figs. 22c and 22d change
significantly when the amplitude of the feathering angle is changed.

Figures 20d and 21d show the time histories of Cp at J/ = 0.20 and
0.47, respectively. The waveforms of Cp and Cr have common
features such as the delayed stall, rotational effect, and wake capture.
Cp inthe upstroke is similar at every stroke plane angle and decreases
with increasing the advance ratio. In the downstroke, with increasing
the advance ratio, Cp at ¥ = 15 deg increases considerably because
of the remarkable increase in the flapping torque in the downstroke.
On the other hand, Cp at ¥ = 75deg decreases because of the
significant decrease in the effective angle of attack, as shown in
Fig. 22b.

V. Conclusions

We have conducted experimental and numerical simulations of
the aerodynamic characteristics of a flapping wing of an insect in
forward flight. Unsteady aerodynamic forces and flow patterns
around the flapping wing based on a bumblebee have been measured
using a dynamically scaled mechanical model in a water tunnel and
computed using a three-dimensional Navier—Stokes code.
Comparisons between experimental and numerical results show
good agreement in the time histories of aerodynamic forces and flow
patterns in both hovering and forward flight. The good agreement
between the experimental and numerical results suggests that our
results are sufficiently reliable to discuss the aerodynamics of the
flapping wing in forward flight. We have investigated the
aerodynamic mechanisms such as delayed stall, rotational effect, and
wake capture of the flapping wing in forward flight. The results
indicate that these aerodynamic mechanisms have an effect on the
aerodynamic characteristics of the flapping wing in forward flight;
however, these mechanisms function differently during the up- and
downstrokes, for different stroke plane angles, and for different
advance ratios. These aerodynamic mechanisms in forward flight are
summarized as follows:

1) Delayed stall is still effective in the translational phase of
forward flight. The leading-edge vortex is attached stably to the wing
during a flapping translation of forward flight, and a spanwise flow
exists in the core of the vortex. While the delayed stall effect is
increased in the downstroke, it is reduced in the upstroke with an
increase in the advance ratio. At a high advance ratio, the leading-
edge vortex and the spanwise flow hardly appear during the upstroke;
then, the wing experiences a backflow condition near the wing base.

2) The rotational effect is slightly dependent on the advance ratio
and stroke plane angle. An increase in the advance ratio diminishes
the importance of the rotational effect relative to delayed stall.

3) Wake capture is effective in the early upstroke and less effective
in the early downstroke with a smaller stroke plane angle.
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