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Like large insects, micro air vehicles operate at low Reynolds numbers O(1, 000 — 10,000) in a regime
characterized by separated flow and strong vortices. The leading-edge vortex has been identified as a significant
source of high lift on insect wings, but the conditions required for the formation of a stably attached leading-edge
vortex are not yet known. The waving wing is designed to model the translational phase of an insect wing stroke by
preserving the unsteady starting and stopping motion as well as three-dimensionality in both wing geometry (via a
finite-span wing) and kinematics (via wing rotation). The current study examines the effect of the spanwise velocity
gradient on the development of the leading-edge vortex along the wing as well as the effects of increasing three-
dimensionality by decreasing wing aspect ratio from four to two. Dye flow visualization and particle image
velocimetry reveal that the leading-edge vortices that form on a sliding or waving wing have a very high aspect ratio.
The structure of the flow is largely two-dimensional on both sliding and waving wings and there is minimal
interaction between the leading-edge vortices and the tip vortex. Significant spanwise flow was observed on the
waving wing but not on the sliding wing. Despite the increased three-dimensionality on the aspect ratio 2 waving
wing, there is no evidence of an attached leading-edge vortex and the structure of the flow is very similar to that on the

higher-aspect-ratio wing and sliding wing.
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Reynolds number, Uc/v
local freestream, ms~!
distance traveled, m
angle of attack
scalar measure of fluid rotation
wing stroke angle, deg
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1. Introduction

ICRO air vehicle (MAV) development has renewed interest in

unsteady low Reynolds number aerodynamics. These small
vehicles operate at Reynolds numbers O(1, 000 — 10, 000), in the
same flight regime as large insects. Natural flight in this low
Reynolds number regime is primarily flapping wing flight and it is
generally thought that unsteady aerodynamic phenomena are
required to achieve the necessary lift coefficients.

Zoologists have identified the leading-edge vortex (LEV) on
flapping insect wings as one of the high lift mechanisms that allows
for both lift generation and flight control [1-6]. This vortex, which
persists through each insect wing half-stroke, is produced and fed by
leading-edge separation [7] but there is some uncertainty about the
mechanism that stabilizes it. Lentink and Dickinson [8] have likened
the flow on a revolving wing to Ekman pumping and propose that
LEV stability is influenced by the Rossby number (Ro), the ratio of
the inertial force to the Coriolis force in a rotating flow, and not the
Reynolds number. At a low Rossby number, Coriolis forces
dominate, whereas at high Ro, inertial forces are dominant. Lentink
and Dickinson suggest that revolving wings operating at a low Ro
mediate compact and stable LEVs, whereas the LEV is unstable for
translating wings which have no Coriolis acceleration and therefore
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Ro = oco. Other authors [3,7,9,10] propose that the LEV is stabilized
by the spanwise vorticity transport that accompanies wing rotation.
Propeller-like wing rotation induces a spanwise velocity gradient
which may drive spanwise vorticity transport that locally limits the
size of the LEV and prevents it reaching the critical size at which it
becomes unstable.

In atwo-dimensional flow without wing rotation, the two unsteady
aerodynamic mechanisms of primary interest are the Wagner effect
and delayed stall. The Wagner effect accounts for the delay in the
growth of circulation about a wing set in motion from rest at a low
angle of incidence. In physical terms, downwash induced by the
starting vortex lowers the effective angle of incidence, reducing the
lift generated. Circulation asymptotically approaches the steady state
value, reaching approximately 90% after six chords of travel [11—
13]. Delayed stall is a well-known effect on that can result in high lift
for short timescales. When a wing at high incidence, above the static
stall angle, is accelerated through a fluid it produces very high lift for
approximately four chord lengths as a vortex forms on the leading
edge. This vortex soon sheds and is convected over the suction
surface of the wing [14]. While the wing is accelerating other
aerodynamic forces may be produced due to added mass and the
growth and shedding of a boundary layer.

Several experimental studies have been conducted that aim to
simplify the complex kinematics of insect wing motion. Among the
simplest is the impulsively started flat plate, a problem which has
received considerable attention on account of its fundamental nature.
An impulsively started flat plate at high incidence and low Reynolds
number models the translational stages of an insect’s flapping cycle,
preserving the geometric three-dimensionality of the flow via a finite-
span wing but neglecting the three-dimensionality of the wing
kinematics, i.e., wing rotation. Beckwith and Babinsky’s [15]
experimental study of an impulsively started flat plate at « = 5 and
o =15 degand Re = 60, 000 has shown that for angles of incidence
greater than the steady state stall angle, delayed stall causes an
increase in lift during the first chord of travel, whereas at angles less
than the steady state stall angle the Wagner effect dominates and there
is alift deficiency early in the wing motion relative to the steady state
case.

The waving wing experiment was designed to model the
translational phase of the insect wing stroke with a simple flowfield
while preserving wing rotation and three-dimensionality in both
geometry and kinematics. Previous experiments [16] have shown
that the waving wing produces a transient lift peak due to the growth
and shedding of a LEV. Vortices continue to form and shed and the lift
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Fig. 1 CUED towing tank.

force becomes quasi steady as a trail of vortices extends downstream
over the wing. Wing kinematics can affect the timing and height of
the lift peak if the wing acceleration is low [16]. At low wing
accelerations the force history of the waving wing is similar to that of
Beckwith and Babinsky’s impulsively started flat plate. Previously

constraint
plate

a) Schematic of the sliding wing

[17], it has been found that the fundamental structure of the flow field
did not change significantly at angles of attack between 15 and
45 deg.

The current work assesses the stability of the LEV using the
impulsively started flat plate and waving wing setups. The aim is to
offer further insight into the unsteady mechanisms that affect lift
generation on finite wings at low Reynolds numbers to determine
whether an unsteady flapping motion could offer increased lift for
MAV applications. Unsteadiness and three-dimensionality in both
wing geometry and kinematics are thought to be important for the
development of a stably attached LEV. Previous work [18] focused
on characterizing the fundamental structure of the flowfield around a
waving wing. The research presented here extends this work to
investigate the relative three-dimensionality of the flowfield around a
wing in pure translation and a wing undergoing rotation. Using both
the sliding and waving wing setups, flow three-dimensionality is
incrementally introduced via changes in both wing kinematics and
geometry. The primary questions addressed here are: how does the
fundamental structure of the flow change when a wing undergoes
rotation rather than pure translation? How does the spanwise velocity
gradient affect the development of the LEV along the waving wing?
Can the unstable LEV previously observed on the waving wing be
stabilized by increasing the three-dimensionality of the flow?

II. Experimental Methods
A. Experimental Setup

Experiments were performed in the Cambridge University
Engineering Department (CUED) towing tank, shown in Fig. 1.
Water provides an optimal environment for high resolution data

b) Photograph of the wing suspended from the
carriage in the towing tank

Fig. 2 Sliding wing setup, from [22].
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Fig. 3 Position of the carriage is verified using a reflective optoswitch.
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towing carriage

force balance
water surface

Fig. 4 Waving wing setup.

acquisition in both time and space because it is possible to achieve the
required Reynolds numbers with relatively slow motions and a large
model. Additionally, towing the model through a quiescent fluid
provides good flow quality and low freestream turbulence. The
towing tank is 7 m long and has a 1 m x 1 m cross section with a
central 2 m long Perspex test section and a glass window on one end.
The computer-controlled carriage is capable of speeds up to
4.75 ms~! £0.25%.

Three flat plate wings were tested, one sliding wing made of
aluminum with an aspect ratio of four and a chord of 0.120 m and two
waving wings made of carbon fiber with an aspect ratio of four and
two (or eight and four if the end plate is taken as an image plane) and a
chord length of 0.125 m. All of the wings have rounded edges and are
2.5% thick. The angle of incidence can be varied between 0 and
45 deg in 5 deg increments.
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Fig. 5 Commanded wing kinematics for first quarter-stroke accel-

erating to Re = 60,000 over 0.25¢: angular velocity (solid) and

acceleration (dashed) as a function of time.
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1. Sliding Wing

A schematic and photograph of the sliding wing is shown in Fig. 2.
The wing is mounted at its root on a large end plate in order to remove
free-surface effects, doubling the effective aspect ratio. Using the
computer-controlled towing carriage, the sliding wing undergoes
constant acceleration from rest to its final speed over a distance of
0.08¢. Thereafter, the wing travels at constant speed. A Reynolds
number of 10,000 corresponds to a velocity of 0.10 ms™'.

The wing velocity profile is verified using a reflective optoswitch
mounted on the side of the tow-tank as shown in Fig. 3. Light and
dark bands of width 4 mm are fixed to the side of the tank and as the
carriage moves over the bands the opto-output switches. This signal
is then processed to determine the position and velocity of the
carriage. An example of the position-time profile is shown in Fig. 3b
for acceleration to Re = 30, 000 over 0.6 chord lengths. The error
bars of 8 mm (c/15) correspond to the spacing between consecutive
dark bands. The dashed lines represent the point at which the carriage
stops (0.6¢) and starts (4.4¢) accelerating. An inset is shown of the
position profile while the wing is accelerating. Using particle image
velocimetry (PIV) images, the amplitude of the wing vibration at 3/4
span on the aspect ratio 2 wing was found to be approximately
0.3 mm.

2. Waving Wing
For the waving wing experiments the towing carriage remains
stationary and the wing waves through the end plate. A sketch and
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Fig. 6 Schematic of the waving wings.
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Fig. 7 Commanded (solid) and measured (dashed) wing position for
the first quarter of the wing stroke at Re = 60, 000.

photograph of the waving wing mechanism is shown in Fig. 4. The
entire setup is shown suspended from the towing tank carriage on
four vertical struts and the Perspex sides and water volume of the tank
are shown to provide a sense of scale.

The waving motion is controlled by a servomotor and gearbox
programmable through LabView and a slotted optical switch is
mounted near one end of the axle to confirm wing position. The
distance from the wing root (defined as the bottom of the skim plate
when the wing is vertical) to the axis of rotation is 10% of the wing
span. An 85 deg wing stroke is equivalent to 5.07 chord lengths of
travel at 3/4 span of the aspect ratio 4 wing. Blockage of the towing
tank is 5.5% at a 45 deg angle of attack. The angle of attack is
selectable from O to 45 deg in 5 deg increments and is accurate to
within 1/60 of a degree. The stepper motor is capable of commanding
the wing position to within 0.2 deg.

The wing stroke was programmed using a linear velocity profile in
time as shown in Fig. 5. The wing was accelerated such that it reached
its maximum velocity after 0.25 chord lengths of travel at 3/4 span
and the velocity profile was symmetric such that the wing decelerated
in the same way before reaching the end of the stroke. The maximum
velocity was chosen as that which gives the target local wing
Reynolds number at the 3/4 span reference plane (Fig. 6).
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Fig. 8 Chordwise PIV setup.
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The wing position as a function of time was measured using a high
speed camera. Images were acquired at 2 kHz and the angular
position of the wing computed for three runs. Figure 7 shows the
angular wing position as a function of time for the wing at a 45 deg
angle of attack and Re = 60, 000. There are three sets of dashed lines
representing the three runs measured. Once the wing has reached its
constant velocity there is a 10% error in position or a 3.5% error in
angular velocity. The error in wing position appears to be due to a
slight delay in the start of the wing motion, thus despite the offset the
wing position at a given point in time is precise.

B. Particle Image Velocimetry

PIV was performed using a LaVision FlowMaster 4S DPIV with a
high resolution high speed camera capable of up to 1000 frames per
second at a resolution of 1024 x 1024 pixels and a Nd:YLF double
cavity laser.

To obtain PIV data for chordwise slices of the waving wing the
laser sheet was oriented horizontally and entered the tank through the
side wall. The camera was placed below the tank as shown in Fig. 8.
Images were taken at 1/4, 1/2, 3/4, and 7/8 span throughout the wing
stroke. Each case was repeated between 5 and 50 times though
analysis of early data demonstrated that 5 runs was sufficient in all
cases and the figures presented here represent five phase-averaged
runs.

Vestosint 7182 particles with a specific gravity of 1.02 and mean
diameter of 30 microns were used to seed the flow. Because of
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Fig. 9 Chordwise view of dye flow visualization at 1/2 span on the sliding wing at Re = 10, 000, « = 25 deg.
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Fig. 10 Chordwise view of dye flow visualization at 3/4 span on the sliding wing at Re = 10, 000, « = 25 deg.
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\— dye injection

needle at 1/2 spar

Fig. 11 Spanwise view of dye injected at 1/2 span on the sliding wing
after 4.55 chord lengths of travel. Shed vortices are visible at 0.20c and
0.35¢ from the leading edge.

diffraction, the particle diameter in the images was between 2 and
3 pixels. Images were taken at frame rates between 50 and 750 Hz ata
resolution of 1024 x 1024 pixels with a 35 x 35 cm field of view.
Frame rates were chosen for a 3 to 5 pixel particle displacement
within image pairs. PIV images were processed in two passes with
interrogation windows decreasing from 32 x 32 to 16 x 16 pixels
with Gaussian weighting and 50% overlap. The average velocity

7/8 span

j\ tip vortex o
tip vortex
/ w //C Ry

a) X =525 b) ¢ =5.39

& '3 3 o
¢ /— shed LEVs

field was obtained by averaging the velocity components at each
spatial point for the 5 runs. The total error for the PIV measurements
was estimated by evaluating PIV images with a known displacement.
The RMS error is 0.03 of a pixel. Calibration error is approximately
0.2 pixels and the total error at Re = 60,000 is approximately
0.058 ms~! or 12% at 3/4 span.

Vorticity fields were computed by taking the curl of the measured
velocity field. This operation can amplify noise, and a nonlocal
vortex detection scheme was used to identify vortex structures in the
flow [19]. In this algorithm a scalar function y at point P is defined as

Y(P) = Y sin(6y)
N

where S is a two-dimensional area centered on point P and N is the
number of points inside S. 6y, is the angle between the radius vector
from P to apoint M that lies on S and the relative velocity vector at M,
the total velocity at the point M minus the average velocity across the
area S. y is at its maximum when P is at the center of an axisymmetric
vortex and is a measure of the vortex strength.

C. Dye Flow Visualization

Dye flow visualization was performed using a mixture of water,
food coloring, and milk. Milk improves the stability of the dye
filaments and is more reflective than food coloring alone [20]. The
mass flow rate of dye injection was controlled by a syringe pump to
ensure a constant flow of dye.

— dye moving
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£ / shed LEVs

\

¢ =554

Fig. 12 Spanwise view of dye flow visualization from 7/8 span to the wing tip of the sliding wing at Re = 10, 000, « = 25 deg.
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Fig. 13 Chordwise view of dye flow visualization on the waving wing at Re = 10, 000, « = 25 deg.
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Fig. 14 Spanwise view of dye flow visualization on the waving wing at Re = 10, 000, « = 25 deg.
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Fig. 15 Spanwise view of dye flow visualization on the waving wing near the wing tip at Re = 10, 000, « = 25 deg.
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Fig. 16 Spanwise view of dye flow visualization on the waving wing illustrating spanwise flow near 1/2 span at Re = 10, 000, « = 25 deg.

III. Results and Discussion
A. Flow Visualization on an Aspect Ratio 4 Sliding Wing

Figures 9 and 10 show dye flow visualization of an impulsively
started aspect ratio 4 wing sliding from right to left at Re = 10, 000
and a 25 deg angle of attack. Dye is injected on the suction side of the
wing along the chord and the camera is located beyond the wing tip,
providing a chordwise view of the flow. The blob of dye that starts at
midchord is from dye injected before the wing motion began and is
not a flow feature.

Figure 9 shows the flow near the beginning of the wing motion, in
the first chord length of travel. Once the wing motion begins, flow
quickly separates at the leading edge and a vortex forms in the
separated region (Fig. 9b). This vortex continues to grow until it
becomes too large to remain attached to the wing and separates past
0.6 chord lengths of travel (Fig. 9d). Flow is attached on the
downstream portion of the wing as demonstrated by the motion of the
dye blob along the wing surface. This region of attached flow is likely
due to downwash generated by the starting vortex shed from the
trailing edge.

As the wing motion continues, flow continues to separate at the
leading edge and vortices continue to form and shed from the wing
periodically. Vortex shedding continues throughout the wing motion
as shown in Fig. 10. After the first LEV is shed, subsequent vortices
appear to break off at a smaller size (Fig. 10d). The first LEV induces
an upwash at the leading edge as it moves downstream. This upwash
may cause subsequent leading-edge vortices to break off sooner, at a
smaller size. Once multiple vortices extend along the wing surface
the upwash at the leading edge becomes quasi steady and later
vortices break off at similar sizes.

The sliding wing is the most two-dimensional experiment
considered here, designed with arelatively high aspect ratio wing and
two-dimensional kinematics. The spanwise flow visualization in
Fig. 11 illustrates the two-dimensional nature of this flow. Dye is
injected in a chordwise direction and is entrained in the shed leading-
edge vortices. The dye diffuses outward in both directions towards
the wing root and tip suggesting that there is no significant spanwise
flow on the wing.

Nearer to the wing tip, the flow is more three-dimensional due to
the formation of a tip vortex as shown in Fig. 12. Here the wing has
traveled more than 5 chord lengths and the flow is nearing a quasi-
steady state. Dye was injected at 7/8 span and at the wing tip well after

/dyc injection
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b) 6=12.2 deg

1/2 span

d) 6=15.3 deg

dye injection

1/2 span G

3/4 span AR

dye injection
| y =10 deg
0 =10 deg

2nd LEV
= 1/2 span

dye blobs

Ist LEV

80% chord

Fig. 17 Spanwise view of the waving wing after approximately 10 deg
of rotation, Re = 10, 000, « = 25 deg.

Leading edge
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Fig. 18 Chordwise view of the waving wing after approximately 10 deg
of rotation, Re = 10, 000, « = 25 deg.

Spanwise position

the motion began. The wing passes through a cloud of dye at about
x/c =5 in order to visualize the leading-edge vortices in the region
outboard of 7/8 span. A tip vortex is clearly visible, along with
multiple leading-edge vortices that extend to very near the wing tip
after 5.25 chord lengths of travel. Soon thereafter, the tip vortex
occupies the outer portion of the wing and the leading-edge vortices
are forced inboard. Even at 7/8 span, the flow is largely two-
dimensional as evidenced by the dye diffusing inboard in Fig. 12c.

B. Flow Visualization on an Aspect Ratio 4 Waving Wing

Chordwise and spanwise views of the dye flow visualization on the
waving wing are given in Figs. 13 and 14. In all of these images the
aspect ratio 4 wing is waving from right to left at a Reynolds number
of 10,000 and a 25 deg angle of attack. Dye was injected along the
leading edge at half span. The 3/4 span plane is marked by a dotted
line with dots approximately 0.10c apart. A blob is visible on the
right side of the images due to dye injected before the wing motion
starts and is not a flow feature. On the left side of the images, near the
leading edge of the wing, a LEV is visible within the first 5 deg of
the wing rotation (Figs. 13a and 14a). This vortex quickly sheds from
the leading edge and by 8 deg of rotation there are two vortices visible
(Figs. 13b and 14c). As the wing stroke progresses, vorticity is
continuously generated and shed from the leading edge (Figs. 13d—
13f). The frequency of vortex shedding appears to differ between the
sliding and waving wings and is the subject of ongoing work.

Nearer to the wing tip, leading-edge vortices appear to form earlier
in the wing stroke. In Fig. 15 dye is injected at 7/8 span and at the
wing tip. Multiple leading-edge vortices are visible within the first
5 deg of the wing stroke. These shed leading-edge vortices extend
well beyond 7/8 span to very near the tip vortex.
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Fig. 19 Normalized vorticity fields on the aspect ratio 4 waving wing at Re = 60, 000, « = 15 deg. Each row represents the four stations on the wing at

an instant in the wing stroke.
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In Figs. 14 and 15 dye was injected towards the wing tip along the
leading edge of the wing and thus it is not possible to draw firm
conclusions regarding the spanwise flow along the waving wing. In
Fig. 16 the dye is injected in a chordwise direction. Much less dye
enters the core of the leading-edge vortices, but multiple vortices are
still visible. Dye entrained in the first LEV moves downstream in a
chordwise direction as well as in a spanwise direction towards the
wing tip. From these images, the spanwise velocity of the dye in the
first LEV can be estimated as approximately 0.05 ms~!. The local
wing velocity at this spanwise location is 0.06 ms~!.

Figure 17 shows a typical spanwise view of the flow visualization
at Re = 10, 000 from 1/2 to 3/4 span after approximately 10 deg of
the wing stroke. Dye is injected along the leading edge from the 1/2
span towards the wingtip. A corresponding chordwise view of the
same flow is given in Fig. 18 using both flow visualization and PIV.
The PIV data is shown as the vorticity field normalized by the local
chordwise wing speed. Contours of the y-function greater than 0.6
are overlaid in order to make the vortices in the flowfield more
visible. This PIV analysis captures the structure of the flowfield well
and is useful for visualizing and quantifying the flow at higher
Reynolds numbers where large velocities make dye flow visual-
ization more difficult.

An attached LEV was not observed on the waving wing despite the
low Rossby number and the three-dimensional kinematics
introduced through wing rotation. Previous experiments at Reynolds
numbers O(1,000) report the formation of an attached LEV on
flapping wings [2,6]. On a rotating wing, Lentink and Dickinson [8]
observed a burst vortex that formed a less coherent region of
recirculating flow but it remained attached to the wing. At higher
Reynolds numbers, Re = 8,000, Tarascio et al. [21] observed

Spanwise position

periodically shedding vortices on a flapping wing. It appears that the
development and stability of the LEV may be highly sensitive to
Reynolds number and other experimental conditions.

C. PIV on an Aspect Ratio 4 Waving Wing

The flowfield around the waving wing was quantified using PIV at
four spanwise locations on the wing: 1/4, 1/2, 3/4, and 7/8 span. PIV
was performed at Reynolds numbers 10,000, 30,000, and 60,000 but
because PIV error is generally a fixed value, higher flow speeds
provide the highest signal to noise ratio. The quantitative analysis
here is given for a Reynolds number of 60,000 and a more reasonable
angle of attack for the higher Reynolds number, 15 deg.

Figure 19 shows chordwise slices of the normalized vorticity and
y-function for several points throughout the wing stroke. Each row of
images shows four spanwise locations on the wing at a constant wing
stroke angle 6 with the wing moving from right to left. For each view,
the vorticity field was computed by taking the curl of the velocity
field as measured using PIV. The results are then normalized by the
wing chord and local wing velocity at the spanwise plane of interest
and values outside of the experimental error (¢, = 4.7 s™') are
shown. All of the PIV data is shown using the same contour levels.

There are two differences in the behavior of the leading-edge
vortices along the span. The first is the height of the shed vortices.
The shed vortices appear to lift off the wing surface more quickly on
the outboard sections of the wing. This is most apparent in Figs. 19e—
19, all at a stroke angle of & = 27.63 degs. At this point in the wing
stroke the first shed vortex is clearly near the wing surface at 1/4 and
1/2 span but has lifted almost a core-diameter above the wing surface
at 7/8 span.
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1/2 span

3/4 span

7/8 span

a) 0 =10.85 deg b) 0=27.63deg c¢) 0 =40.00 deg

Secondly, shed leading-edge vortices spread farther apart on the
outboard sections. For example, four vortices are observed over the
wing at a wing stroke angle 8 = 50.85 deg. These four vortices
cover approximately half of the wing chord at 1/2 span. The same
number of vortices stretch across 3/4 of the chord at 3/4 span and the
vorticity extends past the trailing edge at 7/8 span. This could be
because the wing tip has moved significantly farther than the wing
root in terms of absolute distance. At a stroke angle of 50.85 deg the
1/2 span plane has traveled only 2.15 chord lengths whereas the 7/8
span plane has traveled 3.48 chord lengths.

Figure 20 shows the flowfield at three spanwise locations, this time
after traveling the same absolute distance. The first row of images
shows the 1/2, 3/4, and 7/8 span planes each having traveled 0.69
chord lengths, thus the 1/2 span plane has passed through a wing
stroke angle of 16.34 deg whereas the 7/8 span plane has passed
through only 10.09 deg. In this frame of reference the shed vortices
are spread along the same streamwise distance at the different
spanwise locations. Also, as was observed previously, shed vortices
tend to lift further off of the wing surface on the outboard sections.

The spanwise view of the flowfield at the trailing edge of the wing
is givenin Fig. 21 and the flow in the wake is given in Fig. 22, 4.2 deg

o0 @

0

a)0=10.85deg b)6=27.63 deg ¢) 0 =40.00 deg

@ Q -

d) 6 =50.85 deg

&

d) 6 =50.85 deg

e) 0 =67.63 deg

) 6 = 80.00 deg
Fig. 21 Spanwise view of the normalized vorticity fields at the trailing edge for AR = 4, Re = 60, 000, « = 15 deg.

of rotation (a quarter-chord of travel at 3/4 span) behind the trailing
edge. In all images, the wing is moving into the page and the suction
side of the wing is to the right. Dashed lines mark the 1/2, 3/4, and 7/8
span planes. In this view the flow is characterized by the strong tip
vortex that forms in the first 10 deg of the wing stroke and extends
into the wake. Near 6§ = 45 deg, a large region of vorticity on the
upper surface of the wing appears at 3/4 span as the shed leading-
edge vortices reach the trailing edge (Fig. 19k). The same happens at
0 = 50.85 deg when the leading-edge vortices at 7/8 span reach the
trailing edge and appear in the spanwise view (Figs. 19p and 21d).
This cloud of vorticity passes over the wing, ultimately forming a
shear layer extending into the wake.

Figure 23 shows spanwise distributions of maximum local
spanwise velocity above the wing surface normalized by the local
freestream, U’ = wr. There is a strong spanwise flow (x60% of the
freestream) from wing root to tip after a wing stroke angle of about
45 deg which is not observed earlier in the wing stroke. In earlier
waving wing experiments, spanwise flow was observed at 5% chord
earlier in the wing stroke so there may be significant spanwise flow
earlier in the wing stroke that does not appear in these measurements
due to the time required for the flow to move from the leading edge to
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Fig. 22 Spanwise view of the normalized vorticity fields in the wake 0.25¢ behind the trailing edge for AR = 4, Re = 60, 000, « = 15 deg.
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Fig. 23 Local spanwise velocities at the trailing edge normalized by the local freestream.

the trailing edge. This would be consistent with the dye flow
visualization at Re = 10, 000 given in Fig. 16.

D. PIV on an Aspect Ratio 2 Waving Wing

The angular velocity of the waving wing is directly related to the
aspect ratio by w = vRe/rc where r = %ARC + r, and r, is the
distance from the axis of rotation to the wing root (Fig. 6). Since r, is
small, the rotational velocity required to achieve a given Reynolds
number on the aspect ratio 2 wing is approximately twice that for the
aspect ratio 4 wing. The lower aspect ratio wing is thus expected to
have a steeper spanwise velocity gradient because higher angular
velocities are required to achieve the same local Reynolds number.

Spanwise position

Normalized vorticity fields for the aspect ratio 2 wing at Re =
60,000 and o =15 deg are given in Fig. 24. The fundamental
structure of the flowfield appears to be the same as at aspect ratio 4.
Although the flow over the aspect ratio 2 wing is expected to be more
three-dimensional, a stable attached LEV is not observed. A vortex
forms along the leading edge early in the wing stroke and sheds
within the first 17 deg of rotation. As the wing stroke progresses a
trail of shed vortices extends over the upper surface of the wing. The
shed vortices move downstream through the wing stroke but have not
yet reached the trailing edge of the wing at = 38.50 deg. Like on
the higher-aspect-ratio wing, vortices tend to spread further apart
nearer the wing tip and shed vortices tend to lift off the wing surface
near the wing tip, but remain close to the surface further inboard. This
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is most obvious between 1/2 and 3/4 span as shown in Figs. 24g and
24h.

IV. Conclusions

Three sets of experiments were performed increasing the three-
dimensionality of the flow incrementally: an aspect ratio 4 sliding
wing, an aspect ratio 4 waving wing, and an aspect ratio 2 waving
wing. Dye flow visualization on the sliding and waving wings
revealed the formation of unstable leading-edge vortices. PIV was
used to quantify the spanwise flow on the waving wing and the
growth of the LEV at multiple locations along the wing span.

On both the sliding and waving wings there is minimal interaction
between the shed leading-edge vortices and the tip vortex. Spanwise
flow has been observed on the waving wing but not on the sliding
wing. Despite the increased three-dimensionality of the waving wing
experiments, the structure of the flow appears to be largely two-
dimensional over most of the wing span and is similar to that of the
sliding wing. There is no evidence of a stably attached LEV on either
the aspect ratio 4 or 2 waving wings.

The leading-edge vortices observed have a very high aspect ratio,
extending along the entire length of the wing span with a diameter on
the order of a tenth of the wing chord. These unstable vortices shed
and move downstream, forming a trail of vortices over the surface of
the wing. Towards the wing tip, shed vortices were observed to lift off
of the wing surface but nearer the wing root vortices remain closer to
the wing surface. At a given stroke angle the same number of vortices
were observed along the length of the wing but cover a larger
percentage of the wing chord near the wing tip than near the wing
root, likely due to the higher wing speed near the tip. When
normalized by absolute distance traveled, leading-edge vortices
appear to develop more quickly further inboard and more shed
vortices were observed near the wing root than near the wing tip.
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