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1 Abstract

The objective of this research was to identify the mechanisms of lift production on models of
an entomological flapping wing stroke by evaluating the relative importance of the leading edge
vortex, other coherent vortical structures in the flow, bound circulation, and non-circulatory forcing.
The entomological wing stroke was modeled as a combination of wing pitch and rotation. In
collaboration with the NATO AVT-202 task group on “Extensions of Fundamental Flow Physics to
Practical MAV Aerodynamics”, the rectilinear analogs of these rotational motions were also studied.
To identify lift-generating mechanisms and relate flow structures to the unsteady forces generated
by the wing, synchronized flow visualization, force measurements, and particle image velocimetry
(PIV) were recorded for a variety of wing kinematics over a large parameter space. It was found
that although the three-dimensionality of the rotational motions resulted in an attached leading
edge vortex whereas the leading edge vortex was shed from a wing in rectilinear translation. Wing
loading on the rotating wing was such that the resulting lift coefficients were, however, similar.
The introduction of an unsteady pitching moment had a greater impact on the lift transient. By
comparing both pitching and surging wings in rectilinear and rotational motion over a range of
accelerations, it was found that the strength and trajectory of the leading edge vortex had a
significant impact on the lift production of a wing undergoing highly unsteady kinematics. The
vortex need not be attached to the wing to affect a lift force, and trends in vortex characteristics
were found when scaled by the velocity normal to the leading edge of the wing.

2 Introduction

Early rotating wing experiments identified an attached leading edge vortex that produced high
lift, particularly in the early stages of the wing stroke, between 60 and 120 degrees of revolution
(after the initial startup transient, but before the quasi-steady state developed) [3, 6, 15, 28|. Later
experiments focused on the first 90 degrees of rotation and found that lift values are very high
in the first chord-length (approximately 12 degrees) of motion while the initial vortex forms and
before it detaches from the wing and is swept downstream [10]. Although kinematics, angle of
attack, and aspect ratio were not found to have a significant effect on the flow structure, the timing
of the leading edge vortex formation was found to be affected by Reynolds number [11].

Many previous experiments have focused on the formation and shedding of the leading edge
vortex with little or no attention to the tip vortex. Some experiments on rotating wings at Reynolds
numbers between 1,000 and 5,000 have revealed a three-dimensional vortex loop that connects the
leading edge vortex, the tip vortex, and the trailing edge (or starting) vortex [5, 13]. It is thought
that the loop structure stabilizes the leading edge vortex by allowing vorticity generated at the
leading edge to drain from the LEV into the tip vortex. At higher Reynolds numbers (Re = 8,000),
periodically shedding vortices have been observed on a mechanical wing flapper [27]. At Reynolds



numbers between 10,000 and 60,000 little interaction between the leading edge and tip vortices has
been observed and LEVs repeatedly form and shed on a rotating wing [11]. Even very near the
wing tip, the LEVs that formed were highly two-dimensional and variations in aspect ratio, angle
of attack, and Reynolds number were found to have an insignificant effect on the structure of the
flow and the time-history of lift [10, 11].

The objective of this research was to identify the mechanisms of lift production on models of an
entomological flapping wing stroke by evaluating the relative importance of the leading edge vortex
(LEV), other coherent vortical structures in the flow (e.g. tip and trailing edge vortices), bound
circulation, and non-circulatory forcing. The entomological wing stroke was modeled as a combina-
tion of wing pitch and rotation. These canonical wing kinematics produced well-characterized wing
strokes that preserved the spanwise velocity gradient that exists during the translational phases
of a natural wing stroke, the wing starting/stopping accelerations, and the large changes in pitch
that are experienced during the rotational phases of a natural wing stroke. In collaboration with
the NATO AVT-202 task group on “Extensions of Fundamental Flow Physics to Practical MAV
Aerodynamics”, the rectilinear analogs of these rotational motions were also studied. The goal of
this research is to determine what conditions affect the relative importance of these phenomena to
lift production over the time scale of a single wing stroke.

3 Methodology

3.1 Wing Kinematics

The NATO AVT-202 task group “Extensions of Fundamental Flow Physics to Practical MAV
Aerodynamics” defined four canonical test cases [1], illustrated in Figure 1. Cases 1A and 1B are
two-dimensional rectilinear motions in which the relative flow is constant along the finite span of
the wing. For these cases, the wing was towed along the length of a towing tank at either a fixed
angle of attack (rectilinear surge), or towed at constant speed while being pitched from zero to
non-zero (rectilinear pitch). Cases 2A and 2B are the rotational versions of these motions and the
focus of the current work. The rotational kinematics are three-dimensional in that the relative flow
varies along the wing span. In these cases, the wing was rotated about an axis near its root in a
propeller-like motion. Again, the wing is either at a fixed incidence (rotational surge) or pitched to
some angle of attack o during a constant-speed surge (rotational pitch). Each of the four cases is
further defined such that there exists a “fast” and “slow” version over which the unsteady motion
of the wing (in either pitch or surge) occurs over 1 or 6 chord-lengths of travel, respectively. In the
rotational cases, this distance was defined by the arc length s at 75% of the tip radius. It should
be noted that even the “slow” case as defined here is a highly unsteady motion with a reduced
time well above that considered quasi-steady. The wing kinematics are shown schematically in
Figure 2(a). The velocity profile is defined by a linear ramp in either pitch («) or surge (U) to the
final state, with some degree of smoothing applied at the sharp corners of this profile. In the pitch
case, the wing starts rotation at zero incidence and pitches to @ = 45°. In the surge case, the wing
is started from rest at 45° incidence and is driven in pure rotation. The baseline Reynolds number
was 20,000 (defined at 75% of the tip radius for the rotational cases), though parameter variations
were also performed. For the rotating cases, the wing was an aspect ratio 2 rectangular flat plate,
and the root cutout (i.e., the distance from the axis of rotation to the wing root) is 0.5¢ as shown
in Figure 2(b). For the rectilinear cases, the wing was an aspect ratio 4 rectangular flat plate.
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Figure 2: Schematic of the AVT-202 rotating wing kinematics and geometry, from Ref. 12.

3.2 Experimental Setup

Rotating wing experiments were performed at the University of Maryland in a 1.25mx1.25m x 1.25m
tank of quiescent water (early experiments in surge only) and a 7m x 1.5m x 1m towing tank
(extensive experiments in both surge and pitch). The towing tank is equipped with a 4-axis motion
control system for computer-controlled model motion. The motor assembly, shown in Figure 3(a),
is mounted on the towing carriage and contains two brushless linear motors, and a direct-drive
brushless rotary stage. Vertical plunge (+49cm) and pitch (£90deg) are driven by two linear
motors and a custom-designed Hoeken linkage. Continuous rotation is provided by the rotary
stage. Carriage translation (7m) is directly driven by a pair of brushless linear motors, enabling
additional experiments on the rectilinear motions. All of the stages are equipped with magnetic
encoders, and the entire traverse system is controlled using a multi-axis Galil motion controller.
Model motion can be controlled to within 0.1 mm; pitch motion is accurate to within 0.1 degrees.

3.3 Measurement Techniques

Direct unsteady force measurements were acquired via a submergible ATT Mini40 6-axis force/torque
transducer. The transducer has a force resolution of 0.01 N and a torque resolution of 0.0001 N-m.
The sampling rate was 1000 Hz. Each case was run 5 times, starting from different locations in
the tank, and the results were ensemble-averaged after smoothing the acquired force signal. To
isolate only the hydrodynamic loads, contributions from gravity and buoyancy were removed from
the measured force. In the surge cases, the average force during the two seconds before the wing
motion was taken as the net gravity and buoyancy force, and subtracted from the measurement.
Inertial loads were measured in air and were found to be negligible for all of the wing kinematics
tested. The force signals acquired were smoothed in time with Matlab’s smooth function with the
lowess option set to attenuate the effects of electrical noise and rig vibration, as detailed in Ref. 18.
Planar particle image velocimetry (PIV) was performed in the 1.25m x 1.25m x 1.25m
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Figure 3: The University of Maryland tow tank setup, from Ref. 18.

water tank at the University of Maryland. The Reynolds number, defined at 75% of the physical
wing span, or 2.15 chords from the axis of rotation, was 25,000. PIV flow fields were measured
on chordwise planes at wing span locations of 20, 30, 50, 70, and 80% of the physical wing span,
and at azimuthal stroke angles of 10°, 20°, 30°, 60°, 90°, and 180°. The PIV was performed using
a double-pulsed Nd:YLF laser (Litron LDY304, 30mJ/pulse, 10kHz max). Silver-coated glass
spheres with an average diameter of 14 um were used as the tracer particles. Images were acquired
using a Phantom v311 camera (1 MP CMOS sensor, up to 3.2kHz at max resolution) placed
orthogonal to the laser sheet (and orthogonal to the tank wall). After background subtraction (to
increase the signal-to-noise ratio), correlation was performed in DaVis v8.1 using square multi-
pass interrogation windows and a median filter. Further details of the PIV setup can be found in
Refs. [17, 21]. Additional PIV was performed on the rectilinear pitching and surging cases in the
7m x 1.5m x 1m towing tank and in the free-surface water tunnel at AFRL (WPAFB) [19, 20].

3.4 Analysis Techniques

Force and moment measurements were obtained directly from the force balance. The smoothed force
signals were normalized such that C, = L/ (O.5pUJ%A) (where Uy is the steady-state wing velocity
and A is the wing area), and are reported here as lift coefficient histories. For the rotational cases,
Uy was taken to be the local velocity at 75% of the wing tip radius (or 1.875 chords from the axis
of rotation). To further understand the physical sources of lift during the unsteady portions of
the wing stroke, force measurements were broken down into two components: circulatory and non-
circulatory. When a body accelerates through a fluid, it experiences a non-circulatory inertial force
often referred to as “added-mass”. Pitt Ford and Babinsky [24] provide a complex potential analysis
for an accelerating rigid flat plate in pure translation and derives the lift coefficient contribution
from added-mass as .
Cp = m (@ ©)
4 U2
where « is the plate’s angle of incidence and U is the plate’s instantaneous velocity. In the current
work, acceleration is constant and the equations becomes

sin(2a) (1)

Tc .
CL = %a sin(2a) (2)



where a is the number of chord-lengths traveled during acceleration. From Equation 2, it is evident
that the effect of added mass increases with angle of attack. When the wing ceases acceleration,
however, the added-mass term goes to zero. The remaining “circulatory” lift may consist of con-
tributions from both bound circulation and leading edge vortices.

The time-resolved velocity fields obtained via PIV were used to compute the vorticity field, as
well as to identify and quantify vortical structures in the flow, i.e., the leading edge vortex. The
location of the LEV was taken to be the centroid of the I'; function of Graftieaux, et al. [8]. The
I'; function, given in Equation (3), characterizes the extent to which the fluid motion is circular
around a point.

Ti(P) = % /S sin(6)ds (3)

Here, S is the area of integration, and 6 is the angle between the point P and the velocity vector at
dS. The value of the integrand at each point in a vector field is the sine of the angle between the
vector from a point of interest to a nearby velocity vector and the relative direction of that velocity.
A sine (and thus I'y) value of 1 everywhere near P indicates the velocity is purely tangential and
the flow is highly rotational about the point of interest. Computing the I'y values for the entire
velocity field produces a scalar field with values ranging from -1 to +1, where the sign indicates
the direction of rotation. In practice, a threshold is applied so that only areas of strong circular
flow are identified; here the I'y field was thresholded at |[I'1| > 0.6. The centroid of the first such
region leaving the leading of the wing and satisfying this threshold was computed and this point
was taken as the location of the LEV. The strength of the LEV was taken to be the sum of the lift-
promoting vorticity above the wing. This definition includes the feeding shear layer, but excludes
the secondary vorticity that is produced on the surface of the plate.

4 Results and Discussion

4.1 Rectilinear Surge

To better understand the more complex three-dimensional rotational cases, experiments and anal-
ysis was also performed on the AVT-202 rectilinear cases. These results allowed for comparison to
a wide body of literature and provided an opportunity for international collaboration.

4.1.1 Effect of Wing Acceleration on Forcing

A wide range of wing accelerations were tested in both the AFRL water tunnel and the UMD towing
tank. Figure 4(a) shows the time-history of the lift coefficient for a wing at o = 45° accelerating
over a range of chord-lengths traveled, s,/c = {0.125,0.25,0.5,1,2,3,4,5,6}. The measured Cf,
increases with wing acceleration as expected due to non-circulatory effects. Figure 4(b) suggests
a rescaling of the z-axis of Figure 4(a) by each respective acceleration distance, s,/c. Applying
the new scaling, each acceleration phase occurs within 0 < s/s, < 1. Additionally, the added
mass term from Equation 2 is subtracted from the measured lift to isolate the circulatory force
component. Figure 4(b) shows that the circulatory lift curves collapse when s/s, < 0.4, indicating
a region where circulation growth is independent of acceleration profile. After this region, the
curves diverge slightly and peak at s/s, = 1. This result suggests that a main factor corresponding
to the difference in lift production between the cases (at least during the acceleration phase) is an
increased circulatory force component.

Once the wing motion becomes steady, the added mass contribution goes to zero, leaving only
circulatory forces responsible for lift production. Following the peak at the end of acceleration, all
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Figure 4: Acceleration study at o = 45° for 0.125 < s,/c < 6. (a) Lift coefficient histories. (b)
Circulatory component of lift history during each acceleration phase. Convective time, s/c, is scaled
by acceleration distance, s,/c. From Ref. 19.

curves show a decrease in lift, reaching a minimum around s/c = 5.5 — 6, except for the s,/c =5
and 6 cases, which reach minimums around s/c¢c = 9.5 — 10. For s,/c < 4, the lift once again
increases to a second local maximum around s/c = 7.5 —8. After the second lift peak (which arises
as a result of vortex formation and shedding [19]), all of the cases tested here gradually decrease
in lift until the end of the motion.

Looking more closely at two cases, the “fast case” (sqo/c = 1) and a “slow case” (sq,/c = 6),
consider the force contributions from circulatory and non-circulatory effects during the acceleration
of the wing. To isolate the effect of the circulatory forces on lift in the acceleration region, the non-
circulatory added-mass force from Equation 2 was removed from the measured force data, as shown
in Figure 5. Even after removing the theoretical added-mass force from the two lift curves, there is
still a ACy, between the the cases, (e.g. at s/c=1,Cp, ., =16 and Cp = 0.3) suggesting
that the difference in lift during the transient phase of each acceleration profile is not entirely due
to inertial forces, but that circulatory forces provide a significant portion of the measured lift, even
during wing acceleration. In both of these cases, wing acceleration is high enough that the added
mass force contribution is large, but the circulatory forces quickly overtake the added mass force.

4.1.2 Tracking the Leading Edge Vortex

Figure 6 plots the trajectory of the leading edge vortex in the lab-fixed and wing-fixed frames
for the fast and slow cases and shows that both result in nearly identical vortex trajectories with
respect to convective time. The leading edge vortex forms immediately upon startup and translates
linearly over the first chord of travel. At s/c ~ 1.25, both LEVs take an immediate departure from
the wing surface, illustrated by Figure 6(c), remaining at a relatively constant X’ location (Figure
6(b)).

Vortex trajectory provides the instantaneous position of the vortex, but it does not contain
information about its size or strength. Figure 7 shows the leading edge vortex in the form of
vorticity plots, demonstrating a clear difference between the two cases. The fast surge case forms a



2t Total force le

measurements g (5

Circulatory forces
H i )
uring transient

0.5
0 L | |_ - |_ - ‘ 1 1 1 ]
0 2 4 6 8 10 12 14
Chords Traveled

Figure 5: Force histories of the fast (s,/c = 1) and slow (s,/c = 6) cases showing the contributions
of circulatory and non-circulatory effects. From Ref. 19.

tight, coherent vortex upon startup, and the vortex remains this way through s/c = 1.5. The slow
case, however, forms a much weaker leading edge vortex that quickly dissipates as it convects from
the wing surface. This observation is shown quantitatively by Figure 8, which gives the normalized
total circulation above the wing for both the fast and slow wing kinematics. As expected from
the larger vortex with higher vorticity (as seen in Figure 7a-b), the fast case produces consistently
higher circulation throughout the motion. This analysis shows that despite having nearly identical
LEV trajectories, the fast and slow surging cases produce vortices of different strengths, explaining
the large difference in force histories.

4.2 Rectilinear Pitch

Figure 9 shows the leading edge vortex trajectories for all of the AVT-202 rectilinear motions,
including rectilinear pitch. The wing is shown in black at a 45 degree angle of incidence. Note
that for the pitch cases, the wing is at lower angles of incidence at early times. The leading edge
of the wing is located at (0,0). The z-axis is defined in the direction of the free-stream (i.e.,
horizontal), and the y-axis is vertical. Both axes are normalized by the wing chord. Note also that
the vortex paths shown in Figure 9 do not all correspond to the same number of wing chord-lengths
traveled. For each case, the first LEV that formed on the wing was tracked from the instant it was
identifiable until it could no longer be identified as a vortex. This occurred at different points in
the wing motion for the different cases. For the fast and slow surge cases, the LEV persisted until
2.60 and 2.34 chords traveled, respectively. The LEV persisted for longer in the pitch cases, lasting
until 3.95 chords traveled in the fast case, and 6.40 chords traveled in the slow case.

For all of the cases examined here, the leading edge vortices travel a similar path when near
the leading edge of the wing, but diverge as they move downstream. The vortices that form in the
pitch cases move along the wing, while those that form in the surge cases move on a trajectory
almost normal to that. The trajectories for the pitch and surge cases are remarkably similar for the



Chords Traveled
0 0.5 1 1.5 2 2.5 3 3.5

0.2
I
0.1 o
Fast Case
0 -
ig —0.1 Slow Case
S 02
A
£ -03
[i=]
g ~0.4
8 0s
>~
-0.6
_f=
-0.7
-0.8 ‘ ‘ ‘ ‘ ‘ ]
20.2 0 0.2 0.4 0.6 0.8 1 1.2
X Distance from LE (% chord)
(a)
. lc I lc
0.6 | == 6¢ 0.6 | === 6c
_ 04} .04} /
< >
0.2¢ 0.2r¢
0 : : : : 0 : : : :
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Chords Traveled Chords Traveled
(b) (c)

Figure 6: (a) Vortex trajectories in lab-fixed frame for s,/c = 1 (fast) and s,/c = 6 (slow) cases.
Trajectories in wing-fixed frame versus distance traveled separated into (b) wing-parallel and (c)
wing-normal directions. From Ref. 19.
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fast and slow accelerations, however, suggesting that the path of the vortex is dependent largely
on the angle of attack history and not the timescale of the motion.

Figure 10 gives the path of the LEV as a function of convective time. In these plots, the leading
edge of the wing is at 0 on the ordinate axis. The x and y positions of the LEV as a function of
chords traveled are shown in Figures 10(a) and 10(b), respectively. Figure 10(a) also contains a
dashed line with a slope of one, corresponding to the free-stream velocity. At the start of the wing
motion, both rectilinear surge cases immediately produce an identifiable vortex at the leading edge.
The fast pitch case does not form an LEV until 0.5 chords traveled, and the slow pitch case does
not form a vortex until 1.5 chords traveled. It is also clear from Figures 10(a) and 10(b) that the
vortices neither leave the wing at free-stream velocity, nor remain attached to the wing.

Plotted in Figure 10 versus chords traveled, the two surge cases still exhibit extremely similar
behavior, even for the radically different wing accelerations. The change in direction to almost
directly away from the wing, seen in Figure 9, shows up as the change in slope in Figure 10(a) at
1.5 chords traveled. In the y versus s/c graph, Figure 10(b), the largest difference in LEV path is
visible: the paths diverge at 2 chords of travel. The two pitch cases are much less alike. In both
x and y, these profiles appear to be similar to each other, but stretched along the chords-traveled
axis.

As the LEV is fed by a shear layer originating at the leading edge, it was hypothesized that
the stretching factor between the pitch cases is related to the rate at which vorticity is generated
at the leading edge [18]. As a first step in this direction, a new scaling called o was computed and
is given by

o(t) = /0 " U(r) sin (a(r))dr (4)

where ¢ is the current time and U(7) and «(7) are the instantaneous velocity and pitch angle,
respectively, at time 7. For the surge cases, « is a constant, and thus o is directly proportional to
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Figure 10: Vortex trajectories over time. Locations are relative to the leading edge of the wing.
From Ref. 18.

the distance traveled, s. This is not true for the pitch cases, where « varies as a function of time.

Figures 10(c) and 10(d) show the result of plotting the vortex location measurements with
respect to o, rather than s. The vortex z positions, shown in Figure 10(c), now show a single
trend across all cases, including the slow pitch case. The vortex y locations, shown in Figure 10(d),
show similar collapse. Of note again is the collapse of the slow and fast pitch data. The difference
between the surge and pitch cases still remains, now at o/c = 1.25. It is thought that this is due to
the effect of the trailing edge vortex as the pitch cases should produce much stronger TEVs than
the surge cases.

It is important to note that the leading edge vortex does not move at the free-stream velocity
(corresponding to the dashed line in Figure 10(a)), or with the wing (corresponding to a constant
x and y values) at any time for the tested kinematics [18]. The vortices are neither fully attached
to the wing nor fully detached from the wing. The vortex is slowly left behind as the wing moves
away.

The circulation measurements of the leading edge vortex are given in Figure 11. In the current
coordinate system, the LEV consists of negative vorticity, hence a more negative value corresponds
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to a stronger LEV. Figure 11(a) shows the LEV circulation normalized by the final wing velocity,
and plotted against chords traveled, s/c. This produces a wide range of circulation values, to
which the same stretching parameter from the locations, o/c, was applied, producing Figure 11(b).
Plotting the data versus o/c unifies the timing of the circulation growth, but not the magnitudes.
The normalization of the circulation measurements was then changed following the same logic as
in defining the x axis stretch factor, o: the instantaneous leading edge-normal velocity was used to
normalize the circulation [18]. The resulting quantity has been given the notation I'*:
r
%

= U(t)sin(a(t))c 5)
where U(t) and «a(t) are once again the instantaneous velocity and angle of attack. As Figure 11(c)
shows, this gives a good collapse of the circulation measurements, similar in quality to the collapse
of LEV location. The collapse of circulation with these two leading edge-normal parameters further
substantiates the hypothesis that the vorticity generated at the leading edge is directly related to
the leading edge-normal velocity, and that it is the dominant factor in the evolution of the LEV
[18].

4.3 Rotational Surge

Rotational motions were the focus of the current work. Experiments focused on the 1c¢ fast and 6¢
slow accelerations, and included direct force measurements as well as PIV.

4.3.1 Forces on a Rotating Wing

A sample lift history for the current experiments are given in Figure 12. The lift history shown
here corresponds to a single revolution of the wing (i.e., the wing does not encounter its own wake).
Deceleration to rest past ¥ = 360° is not shown. During the acceleration of the wing (shaded region,
U < 30°), lift rapidly grows from zero to a local peak coincident with the end of the unsteady wing
motion. During this time, non-circulatory effects (i.e., added mass) play a significant role in force
generation. Beyond this point, non-circulatory forcing goes to zero, but the measured lift continues
to rise until ¥ = 120°. From ¥ = 30° to 120° lift increases as the flow develops around the wing.
Similar lift histories have been measured in many experiments and computations, for example in

Refs. [1, 2, 4, 7, 14, 23, 26].
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Figure 12: Lift coefficient versus azimuthal angle ¥ for a rotating /R = 2 flat plate wing at
Re = 2500 and o = 45°.

4.3.2 Leading Edge Vortex Structure

The three-dimensional structure of the leading edge vortex is most easily seen in dye flow visualiza-
tion images like those in Figure 13. In the current work, dye flow visualization has been performed
over a wide range of azimuthal angles and with a wide variety of dye-injection points. All of the im-
ages reveal a LEV that remains attached to the wing and is coherent near the wing root, but bursts
near 50% span. These observations are consistent with other work including Refs. 4, 7, 9, 22, 23, 25.
Vortex burst is defined here as the sudden expansion of the cross-sectional area of the vortex. At
¥ = 60° and 90°, dye has not convected all the way to the wing tip, but the coherent vortex on the
inboard section of the wing is clearly visible. Since the structure of the vortex near the wing root
is coherent this vortex is said to be pre-burst. Near the mid-span, a region of accumulated dye is
visible, suggesting a change in the axial flow through the vortex core. This phenomenon is charac-
teristic of vortex burst. At ¥ > 120°, the dye has penetrated the accumulation region and the burst
vortex is visible outboard of this point. At W = 180° of rotation, a fully burst leading-edge vortex
is visible. The most overt difference in the leading-edge vortex here is the considerable expansion
of the structure. Initially confined to the leading edge of the wing (inboard of the midspan), the
LEV now encompassed the entire wing surface on the outboard section of the wing, extending from
the leading to the trailing edge. Vortex burst affects not only the size, but also the structure of
the LEV. Post burst, the previously smooth helical streaklines reveal a large degree of mixing and
a less coherent vortical structure. However, despite the loss of coherency, the leading-edge vortex
remains attached to the wing surface for the duration of the wing stroke.

4.3.3 Leading Edge Vortex Characteristics

The trajectory of the leading edge vortex on a rotating wing is given in Figure 14 and the corre-
sponding vortex strength is given in Figure 15. In each figure, each curve represents a different
spanwise locations. Two runs were conducted at each span location; these runs agreed well and have
been ensemble-averaged. The symbols mark the vortex locations at discrete azimuthal positions of
10°, 20°, 30°, 60°, 90°, 180°. Data are only available at discrete angles because the wing was only
normal to the laser sheet at those instants. The measurements for the comparable rectilinear wing
motions have also been included, and are shown in black. The vortex positions are shown versus
o/c, with o /c computed locally for each spanwise position on the rotating wing. Note that at each
azimuthal angle, the number of chords traveled varies linearly along the wing span, and thus o/c
also varies along the span.
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Figure 13: Dye flow visualization of the leading edge vortex at Re = 2000.

Figure 14 shows the LEV trajectories measured on the rotating wing and compares them to the
corresponding data for rectilinear surge. The left column of this figure contains data from the slow
(6 chord) acceleration, and the right contains data from the fast (1 chord) acceleration. Figures
14(a) and 14(b) show the path of the LEV through space relative to the wing. Only small deviations
are seen here between span locations and it can be seen that path variations in the y-direction are
small. Further analysis will thus focus on the LEV x location results as a function o/c shown in
Figures 14(c) and 14(d).

Figures 14(c) and 14(d) show the most obvious difference between the translation and rotating
cases—the vortex on the rotating wing remains attached to the wing. This can be seen as the
relatively constant value of xzrpy/c for the inboard (20%, 30%, and 50% span) sections of the
LEV at long time. All of the sections of the LEV in the rotational case follow a very consistent
location history (i.e., rate of change of xpy /c location) until the vortex section settles into its
final location, which varies with span location due to the conical shape of the vortex. The time at
which a spanwise location becomes constant also depends on the spanwise location itself. Near the
wing root, the LEV settles faster and closer to the wing than it does at more outboard locations.
Near the wing tip, the vortex does not appear to remain attached at all and becomes unidentifiable,
similar to the rectilinear cases.

The attached vortex observed on a rotating wing is in contrast to the detached one that was
observed on the wing in rectilinear motion (shown in black in figures 14(c) and 14(d)), where the =
position continues to increase until the vortex becomes impossible to track. The vortex trajectories
for the rectilinear cases are strikingly similar to those of the rotational cases until o/c ~ 0.75.
The attachment of the LEV in a rotational motion has serious implications for any force-prediction
model that seeks to account for the lift from the leading edge vortex. The mechanism for LEV
attachment in the rotating case must be carefully addressed if a successful model is to be created
for this flow.

Vortex strength (normalized by the final wing velocity at 75% span) is given in Figures 15(a)
and 15(b). The magnitudes of vortex strength are similar for both the rotational and rectilinear
kinematics, as is the timescale of formation on the o/c axis. The circulation histories are also shown
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Figure 14: LEV trajectory for rotational slow and fast surge. Rectilinear data for the corresponding
case is shown in black. From Ref. 18.

normalized by the local leading edge normal velocity, shown in Figures 15(c) and 15(d) as a function
of I'*. This normalization collapses the magnitudes of the circulation histories, in particular for
the fast case. At small o/c (< 1) the normalization produces values of rotational I'* much greater
than those of the rectilinear case. After o/c = 1 however, the instantaneous normalization does an
excellent job of collapsing the rotational data across the span, as well as with the rectilinear data.
This is at odds with the LEV trajectories, which emphasized the differences between the rotational
and the rectilinear kinematics as early as o/c ~ 0.75. The similarities of the LEV circulation values,
I'*, between the two types of wing motion suggests that some other flow feature, such as the tip
vortex or trailing edge vortex, is responsible for the different vortex trajectories.

4.3.4 The Effect of Tip Clearance on Force Production

Farly experiments in this work revealed a local maximum in lift coefficient near 90 degrees of wing
rotation (see Fig. 16, for example). Because the wing was started normal to a wall (in the square
tank) at U = 0°, ¥ = 90° corresponds to the next wall-encounter, and there was concern that this
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Figure 15: LEV circulation over a rotating wing in slow and fast surge. Rectilinear data once again
in black. From Ref. 18.

lift peak may be an artifact of the experimental setup. To investigate this possibility, an in-depth
study of tip clearance (i.e., the distance from the wing tip to the wall) was undertaken [16].
Figure 16(a) illustrates how Cp varies with tip clearance for a fixed Reynolds number. At
Re = 500, the 3¢ and 5c¢ force curves are a similar shape and lie within 0.1 of each other. If one
takes the 5c¢ case as sufficiently far from the wall that it has no effect, the proximity of the curves
indicates that there are no wall effects in the 3¢ case at Re = 500. The 0.5¢ data, however, is
significantly different. The upward shift is indicative of a suppression of the tip vortex due to wall
interaction. At Re = 2500, the data for 0.5¢, 3¢, and 5c¢ is shifted up with respect to the Re = 500
case. Because this occurs for all tip clearances, even the very large ones, the data indicate that this
is likely not a tip clearance effect, but a Reynolds number effect (see Figure 17). The different tip
clearances are no longer as clearly grouped as at Re = 500. The 0.5¢ data has garnered a very sharp
peak at W = 540°, but it is worth noting that the 3¢ and 5¢ cases do not have a peak at ¥ = 540°,
pointing to a significant reduction in wall effects between 0.5¢ clearance and 3c clearance. At
Re = 10000, the 0.5¢ and 3¢ cases are similar and at a higher C}, than the 5c¢ case. This suggests
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Figure 16: Comparison of lift coefficients at constant Reynolds number, from Ref. 16.

that the 3c case is impacted by the wall at this higher Reynolds number. Due to experimental
limitations, it was not possible to acquire force measurements for larger tip clearances, but CFD,
flow visualization and PIV suggest that the 5c case is not affected by the walls, nor is a 7¢ case
[16].

The tip clearance study summarized above lead into a study of the effect of Reynolds number
on the force coefficients. The lift histories for each of the test cases are organized by tip clearance
and presented in Figure 17. In general, it appears that Cf, increases slightly with Reynolds number.
Figure 17(a) shows the lift histories acquired with 0.5¢ tip clearance for all Reynolds numbers. The
Cp, curve for Re = 500 is almost 0.2 higher than the Re = 120 case. Reynolds numbers greater
than 500 resulted in even larger forces, but cluster within error into a single force curve. This
suggests that above Re = 2500 the lift coefficient is independent of Reynolds number (for this tip
clearance). A large peak at W = 540° also appears to be a consistent trend for Reynolds number
of 2500 and greater. Because this peak corresponds almost exactly with passage near a wall, tests
were also conducted starting the wing at Wy = 45°, aligned with the corner rather than the wall
of the tank, delaying this wall passage by 45° to 495° of rotation. The large force peak shifted by
almost exactly 45° to ¥ = 495°, confirming that it is related to the point at which the wing tip
passes the wall most closely. It is interesting, however, that this peak does not exist in the first
revolution (i.e., at ¥ = 540 — 360 = 180°), nor at any other wall passage (i.e., ¥ = n90°). The
smaller force peak that appears at ¥ = 90° did not move when the wing was started at the new
location, but was fixed at the point where the wing passes through 90° of rotation.

Figure 17(b) shows the lift histories for a wing with 3¢ of tip clearance. Notably absent from
all of these cases is the peak at ¥ = 540° that was previously seen for the 0.5¢ cases. Data for the
3c clearance at Re = 500, 1000, and 2500 show an increasing trend with Reynolds number. Like
the 0.5¢ case, the higher Reynolds numbers lie on top of each other, but it should be noted that
the Reynolds number at which the force curves begin to match, Re = 7500 and 10000, is higher for
the case with greater tip clearance. Figure 17(c) shows the lift histories for the wing with 5¢ of tip
clearance. Here, only the Re = 120 clearly lies below the others.

The effects of Reynolds number and tip clearance on the magnitude of the lift coefficients are
summarized in Figure 18. Here, each marker represents an average of the unsteady lift coefficient
as measured between ¥ = 180° and ¥ = 270°, the portion of the first revolution where the forces
are nearly constant. These time-averaged lift coefficients give a good indication of the overall
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Figure 18: Average lift coefficient over 180° < ¥ < 270° versus Reynolds number for the three tip
clearance cases. From Ref. 16

magnitude of forces recorded for each case, and highlight the trends across both Reynolds number
and tip clearance. All of the Reynolds numbers show an increasing trend in C, with decreasing tip
clearance, though some lie very near each other. Starting on the left side of the plot at Re = 120
and Re = 500, the 3¢ and 5c values are similar. If the 5c¢ case is considered to be far from the
wall, their proximity indicates that there are no wall effects occurring for the 3c case at these low
Reynolds numbers. The 0.5¢ data is displaced upwards significantly, and significant wall effects are
expected to be visible in the flow field. As Reynolds number increases, the 3¢ and 5c¢ data separate
as wall effects begin to creep into the 3¢ data. The averaged lift coefficient for the 3¢ case continues
to increase for Reynolds numbers as high as 7500, while the 0.5¢ values level out, and at higher
Reynolds numbers, the 3¢ case results in a lift coefficient almost as high as the 0.5¢ tip clearance
case. Comparing the Re = 120 data points in Figure 18 with those at Re = 10000, it appears that
when designing an experiment to avoid wall effects, a smaller tip clearance may be acceptable at
lower Reynolds numbers than at higher ones.
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4.3.5 Characteristics of the Trailed Tip Vortex

A related study is that of the tip vortex structure, time scale of formation, and effect of wall
proximity [16]. Figure 19 shows the evolution of the tip vortex at Re = 10000 near the start of the
wing motion for the three tip clearance cases. The tank walls are shown as solid black lines, the
axis of rotation as a dashed line, and the wing (when it is in the field of view) as black if in front
of the laser sheet and grey if behind it. The color contours represent the vorticity field, normalized
by the wing chord and velocity at Rrs. Solid black contours indicate coherent vortex structures
satisfying |I's| > 2/7 [8]. The yellow bullets () indicate the vortex center, and the position of
the vortex center is given by r, and ry. The tip vortex that appears in these images was shed
at the start of the wing motion, ¥ = 0°, and is shown at various wing stroke angles spanning
U = [60°, 120°, 180°], ordered by column in ascending order of wing tip clearance. Operating
with a tip clearance of 0.5¢ causes the tip vortex to form very near the wall, resulting in behavior
markedly different from greater clearances. The vorticity distribution of the 0.5¢ case includes a
system of vortices, visible as multiple peaks in the vorticity field (see 0.5¢ at ¥ = 60°). In time,
the dominant vorticity peak induces a clockwise motion of the secondary peak. Come stroke angle
U = 180°, there exists significant clockwise rotation on what remains of the tip vortex which now
appears much smaller and weaker.

In contrast, the 3.0c tip clearance wing generates a tip vortex that largely maintains a circular
shape, seemingly unimpeded by the wall boundary. The vorticity distribution is localized to a
single peak, instead of spreading out as for the 0.5¢ case. Further enlargement of tip clearance to
5.0c also produces a circular tip vortex. However, given the relatively small wing span and large
wing mounting strut, the tip vortex is introduced into the flow near the wake of the wing mount
and force balance, which acts to perturb the vortex shape. To better determine the potential for
the tip vortex initiated at ¥ = 0° to alter the wake for subsequent revolutions, and therefore force
generation, the circulation of the identified vortices are quantified.

Figure 20 shows the circulation strength of the tip vortex as defined by the I'y criterion. It is
important to note that the circulation values presented here correspond to the tip vortex initiated
at ¢ = 0, with evolution measurements confined to a fixed plane (i.e., the plane illuminated by
the laser sheet). Circulation strengths presented here begin for stroke angle 35°, when the wing
no longer obstructs tip vortex visibility. Of the clearances tested, the 3.0c case produced the
greatest nondimensional circulation, obtaining a maximum early in the stroke, before strength
begins to decline at approximately ¥ = 110°. The 5.0c case demonstrates an early peak, followed
by relatively steady strength for the remainder of the range. When the tip clearance is reduced
to 0.5¢, the corresponding tip vortex strength attains a maximum near inception, then steadily
diminishes in strength to negligible values before the wing reaches ¥ = 180°, as alluded to earlier
in the discussion of Figure 19.

4.3.6 Effect of Wall Boundaries on the Tip Vortex at the Wing

The effect of the proximity of the tank walls is not limited to wake dissipation, but perhaps more
importantly impacts the attached, tip vortex. To demonstrate the tip vortex response, Figure 7?7
shows the effects of tip clearance on the flow field at wing stroke position ¥ = 180°. Beginning
with the greatest tip clearance of 5.0¢, it is found that the area of the active tip vortex, Arv,
measures 19% of the wing planform area, S, where vortex area here is determined as the area
in-plane satisfying the I's criterion. Furthermore, the tip vortex extends inboard the wing tip a
distance of 34% of the wing span as measured by the distance from the wing tip to the furthest
inboard point on the I's contour. The tip vortex on the 3.0c clearance wing behaves similarly, with
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Figure 21: Lift coefficient histories grouped by acceleration. From Ref. 18.

an area measuring 18% of the wing planform area and extending inboard 32% span. It is also
worth noting that the tip vortices for the 5.0c and 3.0c tip clearance cases are well defined, a stark
contrast to that of the 0.5¢ case.

Closing the tip clearance to 0.5¢ alters not only the size of the vortex, but also the vorticity
field. The proximity of the tank wall acts to shift the tip vortex further inboard on the wing, now
extending 58% span from the wing tip to the furthest I'y contour point detected (see Figure 77
(right)). In this case, the area associated with the tip vortex appears to undergo mixing that is
absent in the larger tip clearances.

4.4 Comparison of the AVT-202 Test Cases

A comparison of the complete set of the AVT-202 test cases is given in the form of force histories
grouped by wing acceleration in Figure 22 and type of motion in Figure 22. Only the first ten chords
of travel are presented here, corresponding to the extent of the vortex data shown previously.
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Figure 21 shows the lift histories for the 1 and 6 chord acceleration cases, rectilinear and
rotational pitch and surge. Note that two different aspect ratios are represented in the data: an
aspect ratio 2 wing, and an aspect ratio 4 wing. All of the curves shows an increase in lift during
wing acceleration, followed by a relatively benign settling to steady state well after the end of
acceleration. For the pitch cases, there is a large transient near the start of the wing motion. The
surge cases do not exhibit the same extreme transient behavior. The shape of the force history
during wing acceleration is related to whether the wing is moving in pitch or surge than than
whether it is a rectilinear or rotational motion. After the wing reaches a constant speed and/or
incidence angle, the force histories for all motions tested converge and begin approaching a steady
state [18].

The differences in the force histories of the rectilinear and rotational cases are relatively small.
The pitching wing in rotation exhibits less force during the pitching motion and more force in steady
state than do the wings in rectilinear motions, but the magnitude of the differences is smaller than
might be expected for two fundamentally different sets of kinematics. In steady state, the higher
lift coefficients observed on the rotating wing may be attributed to the presence of an attached
LEV, the choice of a reference velocity in the nondimensionalization [26], or a combination of the
two. The differences in forces on an aspect ratio 2 or 4 wing undergoing rectilinear motion are also
slight. The primary discrepancy in the fast case is the slight rise in the aspect ratio 4 data at 7.5
chords of travel, which is believed to be associated with a vortex shedding and reformation event
[19].

Figure 22 shows the aspect ratio 2 force data to highlight differences due to the magnitude
of wing acceleration. The magnitude of non-circulatory lift produced during the pitching motion
is much smaller for the wing that accelerates more slowly. (Le., the maximum lift measured in
the fast rectilinear and rotational pitch cases is larger than that measured in the slow rectilinear
and rotational pitch cases.) For both rotational and rectilinear motions, the force histories are
insensitive to the wing’s initial acceleration once the wing has reached a constant velocity. The
force histories of the rectilinear motions exhibit a much longer settling time to steady state than do
those of the rotational motions. The rotational cases reach steady state almost immediately after
the conclusion of the unsteady portion of the motion, while the rectilinear cases have been shown
to take upwards of 20 chord-lengths of travel to reach steady state [19]. This is likely due to the
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presence of an attached leading edge vortex in the rotational cases and a shedding vortex in the
rectilinear cases. An attached vortex would lead to a relatively stable flow field above the rotating
wing, and hence steadier forces than in the rectilinear cases, where vortices continue to form and
shed, even in a steady flow [19].

5 Conclusions

By investigating both pitching and surging wings in rectilinear and rotational motion, it was found
that the presence of unsteady pitching motions had a greater impact on the lift transients than
did the three-dimensionality of the rotational motions, though the structure of the flow was signifi-
cantly different on the surging wings in rectilinear and rotational motion. The leading edge vortex
remained attached to the rotating wing, but was quickly shed from those in rectilinear translation.
Furthermore, differences in the force histories between the fast and slow accelerations cannot be
explained by added mass or inertial effects alone. Analysis of the flow fields has shown that the
strength and trajectory of the leading edge vortex varies with wing acceleration, and relating these
trajectories to the force histories suggests that the characteristics of the vortex play a significant
role in force production. Leading edge vortex strength and trajectory were found to affect lift even
when the vortex was not attached to the wing. Trends in vortex strength and position were found
when the parameters were scaled by the velocity normal to the leading edge of the wing.
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