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Abstract The unsteady low Reynolds number aerody-the structure and stability methods of attached vorticity are
namics of Bapping Right was investigated experimentallystill a point of controversy (Birch and DickinsoR00J;
through RBow visualization by suspended particle imagenBomphrey et al2005 van den Berg and Ellingto997a
and wall shear stress measurement from micro-arralp; Srygley and Thoma002. Specibcally, three major
hot-PIm anemometry. In conjunction, a mechanism washaracteristics of the Bow are questioned: growth of the
developed to create a Rapping motion with three degrees afeparation bubble during each half-stroke, location and
freedom and adjustable Rapping frequency. The Rappingontinuity of the LEV, and presence of axial Zow.
kinematics and wing shape were selected for dynamic Many studies have concluded that attachment of the
similarity to a hummingbird during hovering Right. Flow LEV throughout translation implies that a dynamic stall
visualization was used to validate the anemometry obsereondition is produced, which has been known to induce
vations of leading edge vortex (LEV) characteristics andarge lift forces in bxed-wing aircraft (Sarg903. One of
to investigate the necessity of spanwise Bow in LEV stathe brst studies to investigate attached vorticity in Bapping
bility. The shear sensors determined LEV characteristicight was by Maxworthy who was attempting to expand on
throughout the translation section of the stroke period fothe Oclap and Ring® mechanisms that had been observed in
various wing speeds. It was observed that a minimum frewasps (Weis-Foghl973 Maxworthy 1979. During the
quency between 2 and 3.5 Hz is required for the formatiorORing® motion, he observed LEV structures that merged
and stabilization of a LEV. The vortex strength peakedinto tip vortices and root vortices at the ends of each wing.
around 30% of the Rapping cycle (corresponding to just padBoth the tip and root vortices swept back and connected
the translation midpoint), which agrees with results fromwith the LEV from the opposing wing to create a contin-
previous studies conducted by others. The shear sensausus complex loop. The vortices remained attached and
also indicated a mild growth in LEV size during translation stable through the entire downstroke, explaining the
sections of the wing®s motion. This growth magnitude wasnderestimates of lift production by inviscid models. He
nearly constant through a range of operating frequencies.also described a helical structure of the LEV where sig-
nibcant axial Bow near the leading edge transported vor-
ticity from the LEV core to the wingtips; thereby inhibiting
1 Introduction the shedding that would be expected in a two-dimensional
analysis.
Although most researchers agree that existence of an More recently, van den Berg and Ellington visualized
attached leading edge vortex (LEV) is a signibcant confRow around a mechanical model of the Rying hawkmoth,
tributor to the strong lift forces observed in Bapping Biers,Manduca sexta, and demonstrated a similar LEV forming
at the base of the wing and spiraling outward to join the tip
- - vortices (Fig.1) (van den Berg and Ellingtof997h. The
E. W. M. Swanton B. A. Vanier - K. Mohseni () LEV was helical over the wing with signibcant axial Row
Department of Aerospace Engineering Sciences, .
University of Colorado, Boulder, CO 80309-429, USA moving from a surface bound focus at the base to the
e-mail: mohseni@colorado.edu connected tip vortex that swept backward (F29). This
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Fig. 1 Visualization of a helical leading edge vortex in a hovering The image also shows an increase in LEV size with distance from the
model of hawkmoth indicates a strong axial Bow. Smoke is releasetbase of the wing. Figure adapted from van den Berg and Ellington
from the leading edge and moves from the bagghf) to the tip (eft) (29971

in an approximate 45helix. The view is parallel to the wing chord.

corroborates the observations by Maxworthy, except tha*
EllingtonOs single wing hovering motion could not simulate
interaction with an opposing wing and thus did not recreat¢
MaxworthyOs connected root vortices. By observing Smok e 3
blobs released from the base of the wing, axial Row
velocity at the middle of the wing was calculated as high as
the mean velocity of the wing tip. This strong axial Row
was proposed as the mechanism for maintaining the st:
bility of LEV by bleeding energy out into the tip vortex.
This similar conclusion was reached despite the order @
magnitude increase in Reynolds number compared t
MaxworthyOs model.

While other researchers have similarly observed stabl
LEV structures attached to Rapping wings, some have nc
noted the same prominent axial Bow. For example, Bom
phrey has questioned the role of axial Bow in LEV sta-
bilization using DPIV and smoke visualizations of a
tethered hawkmoth (Bomphrey et @005. The LEV was
observed, but not in the helical form noted by Ellington. In
fact, the LEV maintained relatively constant diameter
across the entire leading edge and was continuous acro
the thorax (Fig2a). Axial Bow components were not
measured, but it was deduced that if axial velocity wasgig 2 Two possible LEV vortex structures proposed in literature.
present in the Bow, it must have beeri5% of the tip  Constant size LEV structure connecting to tip vortices and continuous
velocity. At this maximum value, it would be a signip- between the two wings without any axial Row. Helical LEV
cantly smaller percentage than the relative axial velocitSUClure originating at the wing base with signibcant axial Bow

. . ; . . . transporting vorticity away from the wing out into the tip vortices.
found in delta-winged aircraft experiencing dynamic stall. the 4//01s show the spanwise Bow inside the vortex tube
Bomphrey suggests that the Strouhal number of the Right
regime is such that vorticity does not build fast enough toelse must be stabilizing the vortex. Additionally, the but-
be shed before the end of each stroke. terRBies employed an array of unsteady aerodynamic lift

A wide variety of Bapping insects have been similarly mechanisms, and an attached LEV did not appear during
studied. Flow visualization performed by Srygley andevery stroke but only when high lift was required. Because
Thomas of free Rying red admiral butterRieBanessa  the butterRies were Rying freely in a 1.5 MBow instead
atalanta, did not exhibit helical LEV structures, signipcant of hovering, maximum lift was unnecessary and would
spanwise Row, or the increasing vortex size that is charhave caused excessive drag. Srygley and Thomas postu-
acteristic of a dynamic stall condition (Srygley and Thomadated that the consistent LEV observed in tethered
2002. The LEV did not grow signibcantly throughout each Hawkmoths was an artifact of the tethering and that they
stroke and was continuous across the thorax (Bj. This  would likely not employ that technique during free
equilibrium without axial Bow indicated that something hovering Right.

A
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Additionally, lower Reynolds number studies by Birch aerodynamic ow structures during a hovering motion
and Dickinson 2001) using a robotic model of the fruit By along with the measurement of wall shear stress using hot-
Drosophila did not indicate any signibcant axial Row,PIm anemometry will be used in this study.
despite the presence of a stabilized LEV during down- Finding an effective tool for characterizing the unsteady
strokes. They performed visualization of a Rapping model3ow structures over a 3apping wing is a vital step toward
wing where teardrop-shaped fences where mounted paralléft control for Bapping or bxed-wing MAVSs. If hot-PIm
to the chord to block axial Bow. These tests indicated thaanemometry proves an accurate method for measuring
bleeding vorticity from the wing tips at very low Reynolds separation bubble size and qualitative vortex strength, then
numbers was not required to stabilize the LEV. To accounmanipulation of LEV characteristics will be within reach.
for the vortex stability, they hypothesized that downwashCombined with an understanding of the natural phenomena
from the tips vortices induced a decrease in effective angletilized by Rapping Riers to maintain their high lift per-
of attack, which slowed the growth of LEV strength during formance and maneuverability, synthetic mechanisms
translation. Similar to BomphreyOs later study, Birch andould be developed for MAV improvement. For instance, if
Dickinson concluded that the translational stroke was tospanwise Bow was shown to be the primary stability
brief compared to the shedding frequency and that thenechanism for LEV growth, then synthetic jets could be
downwash from the tips was enough to prevent a criticalised in conjunction with wall shear feedback to control
buildup up vortex strength at low Reynolds numbers. these vital parameters of lift generation for Bapping MAVSs.

However, further study by Birch et al2Q04 directly To present the research Pndings, the materials and
investigated the differences between lower and highemethods will Prst be discussed in SeztThis includes an
Reynolds number Rapping regimes. Extensive DPIV analeutline of the Rapping mechanism, visualization system,
ysis was performed for identical wings and kinematicswing characteristics, Rapping kinematics, and the shear
operating at Reynolds numbers of 120 and 1,400. Theensors. Results and discussion take place in S&ct.
study conbrmed the lack of axial Bow at lower Reynoldsbeginning with the shear stress variation during one wing
numbers, but focused regions of signibpcant axial Bowbeat cycle and visual conbrmation of the hot-PIm ane-
appeared at the LEV core for the higher Reynolds humbemometry observations. Characteristics of the LEV are then
The high Reynolds number visualizations indicated helicadiscussed including changes with Rapping frequency and
Bow originating near the base of the wing with strong axialvariation throughout a single stroke. An analytical model
Bow at the LEV core moving out toward the tip. The tip for LEV shear stress is also presented relative to the
vortex became dominant behind the leading edge, andxperimental results. Concluding remarks can be found in
signibcant Bow from tip to base was observed. The stud§ect.4.

did not replicate the fences used previously (Birch and

Dickinson2001]), and it was not demonstrated whether the

axial Bow was necessary for LEV stability at the higher2 Materials and methods
Reynolds number.

Although unique in some ways due to their coupled2.1 BIRDIE mechanism
wing interactions, the unsteady Right mechanisms of
dragonRies have also been studied extensively. Numerous response to the need to study the low Reynolds number,
studies by Saharon and Luttge$988, Thomas et al. unsteady, aeroelastic aerodynamics of Rapping Right, a
(2009 provide characterization of wing kinematics, LEV mechanism was developed called BIRDIE (Biologically
structure, and potential stabilization methods for both frednspired low Reynolds Number Dynamic Imagery Experi-
Bying dragonBies and mechanical models of the dual wingnent) capable of producing a variety of Rapping kinematics
system. for investigation. The mechanism employs three indepen-

Overall, most research is in agreement that attachedent servomotors that can actuate a wing through 180
leading edge vorticity appears during maximum lift per-lateral motion, 90 of vertical motion, and 3600f rotation
formance of Rapping RBight. The mechanism of LEV sta-about the wingspan axis. Existing models for the study of
bilization is still a point of contention, but most likely some unsteady lift production include spinning wings that do not
combination of axial Row, effective angle of attack, andcapture the actual Bapping (Altshuler et 2004 Usher-
shedding frequency allows the LEV to remain stablewood and Ellingtor2002, systems that are constrained to
throughout each downstroke. In order to study thesepecibc frequencies (Saffman and ShefH&ld?), or per-
unsteady aerodynamic phenomena and their possibferm in alternative Ruids to reduce operation frequency
applications to micro aerial vehicle (MAV) RBight, a ver- (Birch and Dickinson2001; Dickinson and Gtz 1993
satile test bed has been built capable of mimicking hovMaxworthy 1979. The BIRDIE mechanism can model
ering Right of various natural RBiers. Visualization of the nearly any complex Bapping motion via three servomotors
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¥D

providing three degrees of freedom. Flapping kinematict
can also be changed without modifying parts of the Yyl
mechanical system. Figuishows the setup of the entire
BIRDIE mechanism. Horizontal
The BIRDIE setup consists of the visualization system,  Mechanism ™~
the test structure encased in polycarbonate to isolate tF g . onal ;
aerodynamics, the power delivery system for the motors Mechanism
and the actual Rapping mechanism (F3}. The polycar-
bonate box measures 1.0 m0.8 m x 0.8 m. The right C Interface
image in Fig.3 shows a close-up of the wing mechanism Rotational 3 Horizontal
and the positioning of the servomotors on the suppor Interface Interface ® J-:s;
structure. '
The wing mechanism (Figla) consists of three inter-
connected mechanisms (rotational, vertical, and horizonFig. 4 The wing mechanism broken into the rotationaldpge),
tal), which can be independently operated. The horizontafé"ical (ellow), and horizontal fed) mechanisms
gimbal is the largest part of the moving mechanism and
rotates back and forth to create the horizontal motior _
(Fig. 4b). The vertical mechanism is mounted in the hori- Iﬁi‘;er?,rlg ~ Vertical Gimbal
f . . i Cuff and Slipper
zontal gimbal and can independently rotate the wing up an " Bearing
down (Fig. 4c). Finally, the rotational mechanism turns '
inside of the vertical gimbal to create rotation along the
wingspan axis (Fig4d). Verticdl Rack
The horizontal gimbal provides lateral motion and with Guides
structural support for the entire wing mechanism (Fa).
It has a direct connection to the horizontal motor using twc
spur gears Figs. The shaft supporting the mechanism
stays in place using a collar and lock nut, and the twc
_rOtary bearings _allov_v horlzontgl rotation while also secur-Fig. 5 Left Vertical and horizontal uncoupling mechanism with the
ing the mechanism in the stationary support structure.  control arm purple), vertical gimbal cuff fark blue), vertical rack
The vertical gimbal is supported by the horizontal (red) with guides gellow), linear bearing green), and slipper bearing
mechanism and held in place by rotary bearings to providd/ight blue). Right Wing mechanism and motor interfaces, the
smooth vertical rotation (Figs). A control arm connects P;gﬁgﬂ:'irgf;zace is shown ined, the vertical inyellow, and the
the vertical gimbal to the gear interface mounted above on
the horizontal gimbal with a linear bearing. The vertical stays aligned when the mechanism is rotating horizontally.
motor drives the linear bearing up and down using a racK he slipper bearing provides horizontal freedom to the rack
and pinion arrangement. This motion is transferred to thend pinion while the horizontal gimbal is in motion.
vertical gimbal through the control arm. Guides were The rotary arm uses a Dremel collet and chuck system to
placed on either side of the rack to ensure that the piniollow quick interchange of wings. Cables pass through the
horizontal and vertical gimbal and wrap around the rotary
arm to produce motion by pulling the strings in either

Upper Support
Bearing

Pinion

Lower Support|
) Bearing

Vertical

R§;21?:r(§ir direction (Fig.4d). The cable is guided through the hori-
o M"t{i zontal gimbal by grooved rollers, and the ends are attached
Laser Support to the rotation motion motor for actuation. Cable was
Structure . . . .
& ‘ chosen to control wing rotation because it offers indepen-
c =] : Wing & a— - dent control with minimum complexity and weight.
amera / Mechanism S This mechanism can independently rotate the wing
while simultaneously moving the wing horizontally and
vertically. The motor interfaces are highlighted in Fig.
Wing Mechanism (right). The rotational motion interface is shown in blue,

and Motors with a cable connecting the pulley on the motor to the
Fig. 3 CAD model of BIRDIE mechanismidfi). Close-up of the rotary arm. The yellow indicates the vertical motor inter-

wing mechanism Klue), support structurey¢llow), and the motors  face driven by a rack and pinion. Finally, the horizontal
(green) on theright motion is driven by two spur gears shown in red.
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2.2 Visualization of 15 cm and a chord length of 4 cm. The aspect ratio was
chosen according to the average wing dimensions of the
To determine the geometry and stability of the LEV, sus-Rufus hummingbird (Tobalske et aR007). The matte
pended particle imagery (SPI) was employed using Pnehite border was thinly painted onto the wing to increase
particulate oil smoke and high-speed videography. Smokéhe visibility of the edge during motion. The structure was
was delivered from a diffuser above the wing, creating amade of a carbon Pber spar wrapped in bidirectional carbon
laminar stream of particulates across the test section.  Pber weave to produce a stiff yet light wing platform. The
As the wing passed through the smoke, a thin section dfiigh stiffness was intended to reduce the possible effects of
the wing was illuminated by a laser beam split with awing tip deRection. Although wing twisting and tip
beveled line-generating lens. For adequate power, an AixideRRection are utilized by free Bying hummingbirds, espe-
Service and International AlX-532-1000 laser was usecially during pitch and roll maneuvers, a stiff wing was
operating at a 532 nm wavelength and 1,000 mW. The lenshosen to reduce the complexities of the model and focus
was an Edmond Optics line generator with a divergence obn LEV stability (Warrick et al.2005. The hot-PIm ane-
15 to minimize variation of the laser sheet with distance.mometry sensor is mounted near the base of the wing. For
The PS31ST Oil Based Smoke Generator provided vergontinuity throughout testing, all the cross-sectional
Pne particles (0.2D0.3 micron diameter), high reRectivitystructure comparisons were made 50 mm from the base of
and no residue on the wing. See Figfor an image of the  the wing (Fig.7).
test setup. For simplicity, the mechanism was programmed so that
Images of the visualization were gathered using a Visiorthe leading edge traced a basic bgure eight shape if viewed
Research Phantom v4.3 color high-speed camera operatiga plane perpendicular to the span axis. While not strictly
between 500 and 1,200 fps depending on the Rapping reproduction of hummingbird wing kinematics, the

frequency. motion resembles the general hovering stroke parameters
of most natural Biers.
2.3 Model wing and kinematics The periodic bgure eight motion was modeled using

three sinusoidal functions where the vertical motion was
Although insects are the most common animals capable dfvice the frequency of the horizontal and rotational motion
hovering Right, hummingbirds may provide an improved(Fig. 8). The actual parameters of motion for the model
basis for investigation into MAV design due to their size, were chosen based on a study of the wing kinematics of a
maneuverability, and lift capabilities. However, to achievehummingbird during hovering Right (Tobalske et 2007).
a reproducible mechanism that loosely mimics humming-The motion amplitudes used during testing were For-
bird Right, some simplibcations were used to create thé&ontally, 20 vertically, and 70 rotationally about the
model wing and its associated movement. The model wingving axis. This provided a 20geometric angle of attack
is a simple rectangular shape shown in Rgwith a span  during mid-downstroke, a stroke amplitude of 14and a

Fig. 6 Visualization test setup. f F ]

The reservoir above feeds Smoke 1 '

smoke through the diffuser to Reserveir ' Smoke
the test section where the wing Reservoir
is located. Below the test ,

section is a second diffuser with
a low suction exhaust. The
image is viewed from the same
position as the high-speed
camera, with the laser

positioned on the right and ) | | -
aimed into the structure Z:““'ll bt ey

Assembly

Test Enclosure

l - NV
=
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and the subscript Rerepresents the Reynolds number for a
3D Rapping wing in hovering Bight. For this study, Rey-
nolds numbers ranged from- 1,000 to 5,100, or very
nearly 1,000 times the experimental Bapping frequency.

2.4 Wall shear sensors

To provide feedback that can assist in the control of Rap-
ping Right, a sensor was selected capable of characterizing
the aerodynamic Row structures over the wing. Hot-bIm
anemometry provides a light but sensitive means of

150 mm determining the size of the leading edge separation bubble
through estimation of Bow reattachment along the wing
f——"50 mu chord. Monitoring the evolution of the separation bubble
o5mm|[ll o . [ and wall shear provides insight into lift production and
40 mm 32 mm | Sensing therefore could enable Bight control.
L =+ Sensor 10 2.4.1 Hot-film calibration

Fig. 7 Top Model wing with hot-Pim anemometer mounted at The preliminary focus of the hot-bIm sensors is to detect
section of interestedBottom Diagram of wing with and location of . e

primary chord section of interest. The section of interest is where al"E.V existence and any Var'atlo_n n _the _BOW reattachment
cross-sectional visualizations were located, as shown in the Sect. Point; therefore, an absolute calibration is not necessary. A
relative calibration of the sensors is adequate because the
voltage signal from the circuit directly relates to the Row
conditions. The calibration was performed by subjecting
the sensors to a reference Bow and then normalizing the
subsequent voltage responses. All sensors are normalized
relative to one reference sensor, in our case hot-PIm sensor
number Pve. This ensures a similar response of each sen-
sor, accounting for the differences in each element and the
components in each constant temperature circuit. These
voltages can then be used to determine the wall shear stress
at any location relative to the reference hot-bPlm sensor.

In order to generate consistent Row conditions for a
normalization of the elements, a small tube provided a
Fig. 8 Figure debning the rotations characterizing the motion steady Bow velocity. With the wing and sensor array

secured on a platform, slides were placed to allow smooth
platform movement along a bxed path. The tube was then
maximum stroke deviation of 20(Sane and Dickinson positioned with an adjustable vice so that its exit aimed
2001)). For analysis of the accuracy of the mechanism inalong the sensor array with a shallow angle, just a few
producing the proposed motion, see the work by Vaniemillimeters off the wing surface.
(2008. The activated sensor array was guided under the tube at

For hovering Right in three dimensions, using the winga constant velocity, the data were logged, and the proce-
tip as the reference and accounting for both the span andure repeated while alternating between the front and rear
the cord, the Reynolds number is debned as (Shyy et atensors entering the calibration Bow Prst. A sample result

Horizontal

2008: of the sensor output voltage during the calibration process
OFR2( 4 is shown in Fig.9.
Res = . (ﬁ) , (1) Once the output spikes are captured, the baseline voltage

response (with no applied air3ow) is subtracted from the
where ¢ is the amplitude of the horizontal wing motion in signal to obtain the pure response. The values are then
radians (see FigB), fis the frequencyRr is the wing length, plotted against the Pbfth sensor response to determine a
v is the kinematic viscosity, AR is the aspect ratio, whererelative scaling factor using a linear regression shown in
AR = (2R)?S, ands is the total surface area of the wings, Fig. 9.
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L rd Fig. 10 A graph of the sensor voltage measurements during seven
02 Normalization Curve for the 3™ Element different stroke periods at 25% of the cycle. Thaxis indicates the

P ‘ ‘ ‘ ‘ sensor position, and thelid line shows the average voltage output
% 02} over the cycles

>
& 015 13 ,

£ o T5; =75+ 0s5Vs, (4)

E 0.05f wherey andé are unknown coefpbcients that are specibc for
w ‘ each sensor. By factoring out, and using the voltage

0 0.05 01 0.15 0.2 0.25 signal with no Row the ratio 0§ andy can be found as:
Element 3 (Volts) Vg )
5=V (5)

Fig. 9 Top Calibration run, each signal spikes as it passes under thé5

tube, which are then used to normalize their response. The brst spike - -
corresponds to the brst element, with the last element at the end. Equation4 is then referenced to values for the Sh_ear_
Bottom Normalization curve for the third PIm element to the bith bim Stress and voltage of the pfth sensor. The Pnal equation is

element shown below.

(6)

The linear bt of each element was used to normalizes; Véi - V2 *

each signal relative to the pfth element. The normalizationg, — E2 - V2

takes the form:

Vsi = o + BiVi, 2) Eo andrq ar(_a the reference voltage apd shear stress. For
the full derivation see the work by Vanie2@08.

wherei represents the element that it is being normalized

(ranging from one to ten), the Pve indicates the elemen2.4.2 Post processing

that it is being normalized toy is the offset, andj is the

slope of the normalization. Fdfs 5, « is equal to zero, and The data gathered during experimentation are passed

f is equal to 1. This equation now takes any voltage fromthrough a 125 Hz low pass Plter to eliminate high fre-

one element and normalizes it to the bfth element, whicltjuency noise. To remove other signal variations, the volt-

ensures that all elements are behaving similarly. Theage outputs from seven full periods are averaged together.

modiPed KingOs law is typically used to calibrate theThis produces a mean signal representing the general

voltage response of a constant temperature anemometrgsponse for a particular wing beat frequency. Figl®e

circuit to the wall shear stress (Tavoulafi§05. shows a curve of the averaged response for a 4 Hz motion
V2 midway through the downstroke. The data points indicate
T, -1, =A +BTV1V/3, (3)  the individual voltages measured during each period. The

averaged signal is then converted to a relative shear stress
where V is the voltage output of the circuitl,, is the  proble using the calibration results.

temperature of the sensd¥;is the temperature of the [3uid,

and A and B are coefbcients established during the

calibration. The offset voltage that is removed for3 Results and discussion

acquisition purposes is added back into the voltages so

that the modibed KingOs law can be used properly. TH&1 Shear sensor signal evolution

modibed KingOs law is rearranged, and the normalized

voltage can be substituted in to give the normalized sheat quick comparison of wall shear stress on the top and
stress as: bottom wing surfaces indicates that some transient
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phenomenon occurs over the top of the wing through eachegins to decrease as the wing decelerates and the vortex
downstroke (Fig11). During the half-cycle with the sensor begins to separate with wing rotation. As the wing moves
on top of the wing, a large increase in shear stress iffom D to E, it accelerates again, but the wing is now in the
observed, which disappears as the wing decelerates at thettom stroke where the sensor is on the lower surface. The
end of the stroke. This is likely due to formation of the wall shear stress on the bottom of the wing increases with
LEV, since trapped vorticity above the wing would locally velocity, and there is an associated modest rise in the
augment the shear stress. Figiteshows the signal evo- sensor response. However, the increase is not signibcant
lution of the six sensors closest to the leading edgeompared to the top stroke where trapped vorticity aug-
(numbers 1D6) during one full cycle at a frequency of 4 Hzments shear stress near the leading edge. Additionally,
The last four sensors did not diverge signibcantly from thehere is less disparity between the output signals of each
behavior of sensor 6, so they were removed for clarity. sensor during the bottom stroke. This is expected as the

The stroke cycle starts at point A, which is labeled onf3ow remains attached to the bottom surface, and no trap-
the lower bgure at its position and on the upper bgure at itped vorticity exists to produce localized spikes in the wall
corresponding time. The start of the top stroke occurs wheshear stress.
the wing moves from point A to point B. The top stroke is
debned as the stroke with the sensor array on the top su8-2 Veribcation of LEV detection
face of the wing. Once the wing accelerates through the top
stroke, a large change in shear stress is observed as Ruiging visualization of the Row during wing translation, the
moves rapidly across the top of the wing. Sensors 2, 3, aneklative shear stress results and conclusions can be vali-
4 report especially sharp increases in shear stress as leadidated. Figurel2 shows sensor output and corresponding
edge vorticity builds and accelerates the Ruid above theisualizations for the top stroke in the middle of the
front of the wing. All six sensors show increases in walltranslational section. The visualizations have the corre-
shear stress as the Buid is accelerated over the top of tlsponding signal overlaid at the appropriate position chord
wing, and the sensors near the leading edge observe up wise. There is a large signal spike located around the
bve times the stress of the rear sensors. This localizedortex followed by a rapid decrease past the reattachment
effect indicates the growth in circulation of the LEV, and point. The small dips following the large spikes could
as a result, increased lift production would be expectedndicate a proximity to the reattachment point, where the
during this section of the stroke. This enhanced lift isshear stress is zero. See S&b for a representation of
conbrmed by results from Dickinson et all9909. The shear stress above the wing and an explanation of the
shear stress holds through point C, where the wing starts texpected wall shear stress over the wing.
rotate in expectation of the bottom stroke, and then stress

3.3 LEV changes with frequency

N
o
>
o1]
~
3
-
o
o
m
m
-

To determine the behavior of the Bow structures at various
stroke velocities, the location of the LEV was monitored at
a bxed cycle position while increasing the wingbeat fre-
quency. This information was intended to shed light on the
stability of the vortex, critical Rapping frequencies, and
optimal Reynolds number regimes.

Using the baseline kinematics described earlier, visual-
izations were collected at frequencies starting at 1 Hz and
increasing to 5.5 Hz at intervals of 0.5 Hz. This corre-
sponds to Reynolds numbers of about 1,000D5,100. The

N
-~
~
1
]
1
1
[}

Relative Shear ( 1/ o )

% 2 section in question was along the chord at 1/3 the half-span
B from the base (Fig7). Figure 13 shows the Bow structures

< oD A - at half way through the downstroke for increasing fre-
_S quencies. This is the position of greatest vertical and hor-
T %0 0 40 2 o0 2 4 e s  izontal velocities with a maximum effective angle of
> Horizontal Angle (°) attack.

) _ _ The brst two images of 1 and 2 Hz indicate that the LEV
Fig. 11 Top Relative shear stress for hot-bpIm sensors 1D6 vs. tlmfaoes not stabilize at low frequencies. When LEV stabilit
over a full Bapping cycle at a RBapping frequency of 4 Baitom q ’ y

Shows marked points during the Rapping cycle. Poittand p IS Not attained, the vortices caused by leading edge sepa-
represent the beginning and ending of the top stroke, respectively ration are shed back along the chord. The periodic
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Fig. 12 Sensor output and
smoke visualization with signal
overlay at the middle of the top

Relative Shear at 3.5 Hz,
at 25% of the Cycle
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shedding of the leading edge vorticity results in an avernot appear to change noticeably between the frequencies
aged chaotic region above the entire wing. At 3 Hz, vor-tested. Since the wing path is unchanged, a two-dimen-
ticity begins to stabilize at the leading edge, but thesional analysis would hypothesize increasing vorticity and
structure appears disrupted along the outside of the vortexugmented LEV size at higher wing speeds. However, the
core. This instability indicates that the LEV is not com- uniform size seems to support the existence of a mecha-
pletely stable and still likely to shed or be disrupted later innism that removes vorticity from the LEV, thus stabilizing
the stroke period. However, at 3.5 Hz, a clear LEV struc-a dynamic stall condition and maintaining the LEV size.
ture is present with far less instability around the vortex To further study the frequency inBuence on the LEV,
core. As frequency increases, this instability is diminishedhe relationship of relative shear stress and the Reynolds
and a consistent leading edge structure appears and remaimsmber is examined. Equatidnis used to calculate the
stable on the leading edge. Reynolds number. Because the relative shear stress and
Figure 14 shows resulting sensor signals at 25% of thethe Reynolds number both increase with frequency, the
cycle for each frequency. As the frequency of the motionrelative shear distribution divided by the corresponding
increases, the peaks in the shear stress increase in magRieynolds number may provide insight into the charac-
tude but remain near the same relative position. Theeristics of LEV production with regard to Rapping fre-
increase in signal strength suggests that the vortex strengtjuency. Figurel5 shows a plot of this normalized shear
increase with higher RBapping frequency, which is to bestress at 30% of the stroke cycle, which corresponds to
expected. The peaks of the signals are constant within théhe point where maximum vortex strength occurs for
spatial resolution of the sensors, so the vortex locatiorirequencies 1D5 Hz.
stays within+0.063 chord lengths for these frequencies. Interestingly, the maximum normalized shear increases
There is a large jump in vortex strength from 2 to 3 Hz andwith frequency until it peaks at 4.5 Hz, at which point the
an even larger jump to 3.5 Hz, which agrees with thetrend collapses with decreased normalized shear for 5 and
visualization that there is a minimum frequency before a.5 Hz. It is difpcult to conbdently characterize this
stable vortex forms. However, if there is a critical fre- behavior of the LEV without higher resolution shear
quency where vorticity builds too rapidly to stabilize, we measurements or more complex Row visualization. How-
did not reach it in our experimentation up to 6 Hz. ever, this trend should be investigated further and may
Interestingly, while there is an evolution of LEV sta- provide insight into the interaction and effectiveness of
bility with increasing frequency, the size of the LEV does certain Bapping Right parameters.
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Fig. 13 Visualization of the
LEV at the middle of the
downstroke (positiorD on

Fig. 16) with increasing
frequencies: 1 Hz, Re- 920

(@), 2 Hz, Re~ 1,850 p),

3 Hz, Re~ 2,770 €), 3.5 Hz,
Re ~ 3,230 ¢), 4 Hz,

Re ~ 3,690 €), 4.5 Hz,

Re ~ 4,150 §), 5 Hz,

Re ~ 4,610 @), 5.5 Hz,

Re ~ 5,070 ). The wing has
beenhighlighted with a white

line for easy recognition. LEV
structure begins to stabilize at
about 3 Hz, and then there is no
signibcant change in vortex size
through 5.5 Hz. Thélue arrow
shows the location of the pbrst
hot-PIm element

3.4 LEV growth during translation of the wing. Figurel6 shows the specibc positions of the

stroke cycle that were monitored for the 4 Hz frequency.
To characterize the transient nature of the LEV, the evo- Visualization of the motion at designated positions is
lution of the shear stress over the wing was observedhown in Fig.16. The brst two images are near the
throughout the top stroke for a 4 Hz Rapping motion.beginning of the translational section (position B and C)
Specibcally, the intent was to monitor any growth orand indicate some disturbances in the LEV during forma-
movement of the reattachment point during the translatiortion. This may be due to wake interactions with vorticity
section of the stroke. A two-dimensional analysis predictshed during the transition from supination to translation
vorticity to build during the entire downstroke, leading to which has been similarly visualized in previous Rapping
growth of the separation bubble until it sheds off the backwing experiments (van den Berg and Ellingtd897a b).
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sl T ‘ ‘ ‘ ‘ ‘ indication of LEV formation appears near location C where
oo the wall shear stress shows a spike at the leading edge of the
wing. This would be caused by trapped vorticity speeding up
the Bow and locally augmenting the shear. Strength of the
LEV is proportional to the magnitude of wall shear stress,
and the size of the LEV can be assessed by the number of
sensors registering a signibcant disturbance. Therefore, the
plots in Fig.17 indicate an increase in strength and slight
growth of the LEV between points C and F. In Fitfl, the
max strength of the LEV occurs at 30% of the cycle, and Fis
+ positioned at 31% of the cycle. Wang et @004 measured
1 2 3 4 5 6 7 8 9 10 the forces created by a generic hovering motion using an
Sensor Number airfoil. Lift production of a symmetric motion was calcu-
) _ ) _lated from experimental and computational studies, indi-
Fig. 14 Relative shear stress along the chord for various frequencies _.. . . .
at 25% of the cycle Cating that maximum lift was near 30% of the cycle. This
closely agrees with our estimated location of maximum
LEV strength, which is expected since trapped vorticity
greatly augments lift generation (Shyy et aD08. From
point F toward the end of the down stroke the wingOs
velocity and angle of attack decreases. This corresponds to a
decrease inthe LEV strength. The bnal shedding of the LEV
is associated with the drop in the magnitude of the detected
wall shear stress near point K. The regularity of the signal
pattern along with the corresponding visualization indicates
successful detection of an attached LEV through the
majority of the top stroke.

N
&

N
T

Relative Shear ( 1 /1:0 )

Relative Shear/Re 5 (1 0'4)

3.5 LEV wall shear stress model

Sensor Number The reattachment point of the LEV can be a very useful
Fig. 15 Relative shear stress at different frequencies divided by theole(:,e_ of information When trying to Comro_l the t_rapped
corresponding Reynolds number at 30% of the cycle vorticity. Because there is a forced separation point at the

leading edge of the wing, the reattachment point estab-

Once the LEV stabilizes, it appears to grow slightly lishes the size and position of the separation bubble. This
during the translation downward. This is most clearly seennformation can be coupled with the magnitude of the wall
by movement of the reattachment point along the chorghear stresses to provide insight into the size, strength, and
length. The Prst images show reattachment at about onetability of the LEV. To develop a model for estimating the
third of the chord, while this reattachment has movedreattachment point using hot-PIm sensors, the instanta-
nearly past the half-chord position by the end of translaneous wall shear stress was observed from direct numerical
tion. While experimental error results in some discrepansimulation of a typical Bow around a low Reynolds number
cies, all visualizations indicate a gradual yet perceptibleajrfoil (Sahin et al.2008. Figure18 shows an instanta-
increase in vortex size throughout each downstroke. Thigeous vorticity Peld for Bow over an Eppler 387 airfoil
corresponds to a slight growth in trapped vorticity betweenSahin et al2008. The box at the top represents the vortex
the start and end of the wing translation associated with ghat is being considered in the bottom of the bgure.
dynamic stall condition. The bottom of Fig.18 is a plot of the instantaneous

Figure17 shows the relative shear stress measuredoefbcient of friction over the wing, where the coefbcient
through the stroke at the positions indicated in Fi§.  of friction is simply the non-dimensional wall shear stress
Location A shows the beginning of the down stroke. Theand their relationship is seen as:
wall shear stress on the wing does not show signibcant
variation along the wing, indicating that the Row is still T =
attached to the wing. Atlocation B, however, the shear stress
along the chord becomes disrupted, likely indicating that thavhereC;is the coefbcient of friction and is the density of
Bow has begun to separate from the leading edge. The briste Ruid.

Cr
1/2pU2,
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Fig. 16 Top Positions for
sequenced shear stress plots
over time, these points
correspond to 16D49% of the
cycle in 3% incrementsBottom
Flow visualization at 4 Hz

(Re ~ 4,000) starting at the top
of the translational section and
moving downward Letters
correspond roughly to the
positions indicated in theop 80 60 40 20 0 20 40 60 80
bgure. The bottom of the wing Horizontal Angle (°)
has beerhighlighted in white N
for easy visibility

Vertical Angle (°)

15t Element

There are two attachment points of the vortex, both ofstress distribution, and the absolute value of the wall shear
which occur where the coefbcient of friction is zero. In stress. This last graph should mimic the data gathered from
between the two attachment points, there is a large negativbe hot-PIm sensors because they do not register Row
value as the vortex causes the 3ow at the wall to move in thdirection.
opposite direction of the external Row velocity. Following Inside of the separation bubble, the Bow near the wing
the last attachment point, the friction value is positive as thewill be traveling in the opposite direction of the external
Bow over the wing is traveling in the same direction as the3ow, resulting in a negative shear stress value. Toward the
external Bow. This behavior was used to create a model foedges of the separation bubble the shear stress decreases,
the reattachment point over the Rapping wing. until it reaches zero. Outside of the separation bubble, the

Figure 19 shows three images, a schematic of the BowBow is traveling in the same direction as the external ow,
streamlines near a Rapping wing, an estimate of the sheand the shear stress is positive. The reattachment point is
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Fig. 17 Relative shear stress
positions

Fig. 18 Top Instantaneous
vorticity beld for a separated
3ow over an EPPLER 387
airfoil at a Reynolds number of
~60,000 at an angle of attack
of 6 . Figure compliments of
Sahin et al. 2008. Bortom
Instantaneous friction
coefbcient over airfoil depicted
in Fig. 22. Figure adapted from
Sahin et al. 2008
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Fig. 19 Schematics of the LEV and wall shear stre®sp: typical
streamlines Middle: wall shear stress distributioorrom: absolute
value of wall shear stress

located where the shear stress changes from a negative to a
positive value. The maximum shear is located slightly aft
of the center of the vortex. Because the sensors cannot
differentiate the direction of the Bow, both a positive and
negative shear stress would look the same, as in the last
image. The large peak at position a, is quite noticeable in
the signal during the top stroke; however, the reattachment
point at b is much harder to detect. This is due to the low

distribution for 4 Hz at specipcspatial resolution of hot-pIm sensors relative to the short

chord length of the wing. The simple model used here in
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order to determine the reattachment point assumes that tle Conclusions
ratio of a and b is constant regardless of the vortex size.
This ratio was determined experimentally by analyzingFlow visualization conbrmed wall shear observations of
Bow visualizations with a visible reattachment point andLEV characteristics in higher Reynolds number Bapping
comparing them with the measured shear distribution. Theegimes. Hot-bIm anemometry and smoke particle visual-
peak point in the signal was determined and then bt to &ation successfully monitored the appearance of a sus-
parabolic curve with the adjacent sensor reading. Théained LEV that has been observed in previous studies.
maximum value of the parabolic curve is then taken adDuring the translational section of the wingbeat, the LEV
positiona. Comparing with the reattachment position in the creates a separation bubble where the reattachment point
visualization, the ratiob/a was calculated to be 1.22. slightly increases throughout the downstroke. However, the
Because this type of analysis is particularly sensitive to th&.EV size does not appear to change signibcantly at a given
signal and noise level, a linear regression was bt to eacstroke position when the wingbeat frequency increases
signal to show the trend of reattachment behavior. Thdrom 3 to 5.5 Hz. The consistent characteristics of the LEV
calculated reattachment points are plotted in Ri§. despite increasing stroke frequency and wing velocity
against non-dimensional time, which is time divided by theimplies that some mechanism exists that is capable of
Bapping frequency of the associated data. The graph indremoving vorticity and inhibiting shedding of the LEV.
cates slightly increasing trends in vortex size through the An array of hot-PIm anemometry sensors has proven its
translational stroke for all frequencies. Although preciseability to identify aerodynamic structures over a 3apping
gualitative observations of these growth rates may requirgving. The hot-PIm sensors were used with a constant
more rebPned measurement of the reattachment point, ttemperature circuit. These normalized voltages were then
evolving shear distribution consistently demonstrates amised to determine a relative wall shear stress distribution
increasing trend in LEV size for all testing frequenciesover the wing. The relative wall shear stress distribution
during translation. The growth of the LEV supports theconbrmed the existence of an attached LEV associated
hypothesis that a dynamic stall condition exists wherewith Bapping motion. The max strength of the vortex was
attached vorticity is building during translation but never shown to occur at 30% of the cycle, which closely agrees
reaches the critical strength to shed from the trailing edgewith the location of the maximum lift at 29% found by
This phenomenon has been studied in Pxed-wing aircraftVang et al. 20049 when looking at a generic hovering
and is associated with signipPcant increase in lift productiormotion of an airfoil.
for a brief time (Shyy et al20089. Dynamic stall conditions By validating the ability to predict separation bubble
are known to appear when wings travel at high angles ofize and maximum vortex strength, hot-PIm anemometry
attack but vorticity is still bound to the top of the wing proves to be a potential tool for LEV control and lift
(Shyy et al. 2008. While this gives insight into the optimization of Bapping MAVs. The translational section
behavior of the trapped vorticity, the source of the LEV of the stroke cycle is thought to produce the majority of lift
stability is still in question. for MAV-sized animals (Warrick et al2005, so aerody-
namic feedback during this section would be extremely
0.6 ‘ ‘ : : : : : : useful for Right control. Coupled with an improved
understanding of wing rotation characteristics, control of
this complicated RBight regime may be possible.
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