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ABSTRACT

The performance of Unmanned Combat Air Vehicles (UCAVs) is of
increasing interest, and in order to optimize flight performance, it is necessary to
understand the detailed flow structure. Moreover, it is often desirable to employ flow
control techniques. Iﬁ the present study, the complex flow physics is investigated
along a half- model of the 1303 UCAYV which is representative of a variety of UCAVs
with blended wing-body configurations. Using techniques of dye visualization and
particle image velocimetry, the complex flow structure is defined on streamwise-
oriented planes at a number of locations along the span of the wing. These quantitative
flow patterns provide an understﬁnding of the effects of variations of angle-of-attack
and Reynolds number.

Open-loop active control is employed, in order to eliminate large-scale stall
regions through reattachment of the flow. This control is in the form of small
amplitude angular perturbations of the wing, of the order of one-half degree.
Excitation at either the fundamental or the first subharmonic of the inherent instability
frequency of the separating shear layer nearly eliminates the large-scale separation
(stall) zone along the wing at high angle of attack. The physics of the flow is
interpreted in terms of time-mean streamlines, vorticity, and Reynolds stress, in

conjunction with phase-averaged patterns of instantaneous vorticity.



1. INTRODUCTION

Unmanned combat air vehicles (UCAV) are of increasing interest, due to their
potential for maneuverability, endurance for surveillance, and quick penetration
(Zhang et al, 2005). Wing configurations of the UCAV type are inherently three-
dimensional with spanwise variations in local chord length and thickness. As a result,
the corresponding flow structure can be very complex, involving spanwise variations
of separation, stall, and associated unsteadiness, as reviewed, for example, by Gursul
(2004b).
1.1 Previous Experimental and Computational Investigations of 1303 UCAV

The 1303 UCAV of interest herein is a generic configuration, which was
developed by AFRL, in cooperation with Boeing (Sherer et al, 2008). The 1303
configuration, with leading edge sweep of 47° and cranked trailing edge, is
representative of a variety of UCAVs with blended wing-body configurations (Ol,
2006). It has served as the basis for international investigations involving wind tunnel
studies by Bruce (2003) and McParlin et al. (2003). A 1303 UCAV model was tested
in the QinetiQ low-speed wind tunnel in order to investigate the onset and
development of the flow separation near the wing leading edge and its sensitivity to
leading edge radius and Reynolds number (McParlin et al, 2003). This test provided
detailed information on the force and moment coefficients, surface pressure
distribution, and a pitch break phenomenon, which is a result of the onset and
development of flow separation over the outer portion of the wing. Ol (2006) recently

determined the flow structure, and investigated flow separation in terms of patterns of
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mean velocity and Reynolds stress, in conjunction with dye visualization, in a water
facility. Using quantitative images obtained from PIV experiments, Ol (2006)
compared patterns of velocity and Reynolds stress in the tip region with patterns at
locations further inboard. He indicated that flow in the vicinity of the tip at a = 6° is
noticeably separated, while the flow inboard of the tip is attached, with a small
laminar separation bubble. Ol (2006) also observed that, at o = 12°, formation of a
leading-edge vortex (LEV) can occur, in accord with outboard branching of the dye
visualization pattern at a location immediately downstream of the apex. Nelson et al.
(2007) undertook dye injection in a water facilitym to characterize the onset of vortex
formation and separated flow. The dye patterns showed that, at low angles of attack, o
< 7°, the flow over most of the upper surface was dominated by a mean cross-flow
from the wing root towards the tip. The formation of a leading edge vortex was
evident at larger angles of attack, a > 8° (Nelson et al, 2007).

Kosoglu (2007) employed dye visualization and particle image velocimetry to
address the unsteady features of the flow structure in planes approxiniately parallel to
the wing surface. Dye visualization results showed that tip stall is present at all angles-
of-attack and it moves in the upstream direction and inboard with increasing angle-of-
attack. Results obtained from near-surface PIV provided detailed characterization of
the physics of tip stall. The scale of the stall region is highly dependent on the value éf
angle-of-attack and the distance from the surface of the wing. Furthermore, the results
showed that the center of the stall region moves upstream with increasing angle-of-

attack, and is located further downstream with the increasing distance from the surface
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of wing. Moreover, the scale of the stall region, indicated by the pattern in a plane
parallel to the surface of the wing, increases with increasing angle of attack. Also, it
was shown that the extent of the stall region in the surface normal direction increased
with angle-of-attack (Kosoglu, 2007).

Numerical investigations of the 1303 UCAYV configuration include Zhang et al.
(2005), Petterson (2006), Wong and Flores (2006), Atkinson and Ferguson (2006),
and Wong et al. (2006). Most recently, Scherer et al. (2008) employed a high-order
overset-grid algorithm to provide insight into the flow structure as a function of angle-
of-attack, and directly compared their results with the experimental images of Ol
(2006).

Insight into the flow structure on a three-dimensional UCAV configuration,
such as the 1303 UCAV, builds upon extensive, recent studies of the flow structure on
planar delta wings of low to moderate sweep angle. The high-order, structured-grid,
ﬁnite-difference.algoﬁthm of Gordnier and Visbal (1998) has served as a basis for
numerical computations on delta wings of low sweep angle at low Reynolds numbers
by Gordnier and Visbal (2005) and moderate Reynolds numbers by Gordnier and
Visbal (2006) and Gordnier et al. (2007). In these computations, an implicit, large-
eddy simulation ILES method is employed, and at moderate Reynolds numbers, a
hybrid RANS-ILES approach is employed.

Experimental investigations on planar delta wings and UCAV planforms are
reviewed by Gursul (2004a, 2004b) and Gursul et al. (2005). Experiments on wings of

low to moderate sweep angle, as well as on planar versions of UCAV planforms, are
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addressed by Ol and Gharib (2003), Yaniktepe and Rockwell (2004, 2005) and Yavuz
et al. (2004). Yaniktepe and Rockwell (2004, 2005) and Yavuz et al. (2004)
investigated the flow structure on crossflow and near-surface planes for delta wings
having relatively low values of sweep angle. Elkhoury and Rockwell (2004)
investigated the effects of Reynolds number on the formation of vortices on a UCAV
planform using dye visualization.

1.2 Control of the Flow Structure

Various active and passive flow control techniques have been employed to
control flows over delta wings, and attain enhancement of lift, optimization of forces
and moments for flight control and maneuverability, aﬁenuation of buffeting,
reduction of drag, and attenuation of noise due to vortex/blade interaction. Gursul et
al. (2007) review vortex control methods for slender, nonslender and high aspect ratio
wings, which include manipulation of one or more of the following phenomena: flow
separation from the leading-edge and surface of the wing, vortex formation, vortex
breakdown, and flow reattachment to the wing surface.

Control of the flow structure on a flat delta wing of low sweep angle at high
angle-of-attack was pursued by Yaniktepe and Rockwell (2004). The wing was
perturbed at small angular displacement amplitude (one degree), and at a frequency
corresponding to the first subharmonic of the separating shear layer from the leading-
edge. It was possible to recover the leading-edge vortex, involving a well-defined
focus of the cross-flow topology, as well as ordered and concentrated streamwise

vorticity in the cross-flow plane. These changes were accompanied by early onset of
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Reynolds stresses in the separating shear layer. Gursul et al. (2006) and Vardaki et al.
(2008) investigated perturbation of wings of various sweep angle and determined that
the optimum frequency for attainment of vortex reformation and/or flow reattachment
was in the range fC/U = 1 to 2. They also addressed the consequence of both the
symmetric and anti-symmetric excitation. Taylor et al. (2007) addressed the effect of
wing flexibility at a dominant frequency fC/U ~ 1; such flexibility enhanced
reattachment of the shear layer, which was associated with enhancement of lift. Self-
excited limit cycle oscillations of wings are of basic importance, and a representative
study is provided by Attar et al. (2008).

The goal of the present in&estigation is to characterize of the flow structure at
various angles-of-attack and Reynolds numbers, and to determine the effect of very
small angular displacement amplitudes, of the order of 0.5° on the flow structure
along a UCAV configuration at high angle-of-attack. The range of excitation
frequency encompasses the fundamental and subharmonics of the frequency of
naturally-occurring, small-scale vortex formation from the leading-edge of the wing.
Moreover, the consequence of this excitation on the flow structure at different
spanwise locations is addressed. A technique of high-image-density particle image
velocimetry is employed to determine the time-averaged patterns of the mean and
turbulent flow structure. In addition, phase-averaged images allow definition of the
time variation of the flow structure that yields large modifications of the time-

averaged patterns.



2. EXPERIMENTAL SYSTEM AND TECHNIQUES

Experiments were performed in a large scale, low-turbulence water channel in
the form of a free surface, located in the Fluid Mechanics Laboratory at Lehigh
University. Experiments involved investigation and quantitatively characterization of
the flow structure, and determination of the effect of very small angular displacement
amplitudes along 1303 UCAV using techniques of dye visualization and high-image-
density particle image velocimetry.

A schematic of the water channel is shown in Figure la. It had a main test
section of 613 mm width, 594 mm depth and 5435 mm length. An arrangement of
honeycomb and a sequence of five screens were located at the entrance to attain low
turbulence intensities of approximately 0.3% over the test section. The experiments
were performed at a free-stream velocity varied over the range 23.6 < U, < 251
mm/sec.

A simplified schematic of the 1303 UCAV model is shown in Figure 1b. A
half-wing arrangement of the model was used in the experiments and mounted on a
vertical plate as illustrated in Figure la. In order to eliminate the effects of the
approach boundary layer, it was maintained very thin by locating the apex of the wing
immediately downstream of the leading-edge of the vertical mounting plate.
Moreover, the wing model was manufactured in such a way that the plane of
symmetry of the wing was far enough from the vertical plate to prevent effects of
boundary layer. The displacement of the plane of symmetry of the wing from the

vertical mounting plate was A = 38.1 mm. This displacement, A, was larger than the
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displacement thickness of the approach boundary layer along the vertical plate. The
root chord of the wing was Croor = 355.6 mm and the mean aerodynamic chord
length was C = 212.5 mm. The blockage ratio of the wing was calculated and found
between 0.0261 and 0.0655 as shown in Figure 2. In order to ensure the validity of the
experimental system of the half-model and vertical mounting plate, extensive dye
visualization experiments and PIV measurements were performed and the results for
both the full model and the half model of the 1303 UCAV were compared. The results
and comparison showed that the type of half-wing model of Figure 1c¢ replicates, with
indistinguishable deviation, the flow pattern on the full wing. Dye was injected in the
apex region, and for the Reynolds number Re; = 17,927 and angle of attack &= 12° of
interest herein, the pattern remained symmetrical along the center body, as shown in
Figure Ic. Also shown is dye visualization in the critical apex region at two higher
values of Reynolds number, Re, = 29,878, and 59,757. In addition, dye visualization
over the entire semi-span of interest (not shown herein) was compared for the present
configuration and the full wing of Kosoglu (2007). The location of onset of abrupt
expansion of the leading-edge vortex, as well as the location and shape of the interface
between the stalled and unstalled regions along the wing were essentially the same.
Finally, PIV images of contours of constant vorticity and streamlines were nearly
indistinguishable for the present configuration and the full wing of Kosoglu (2007), at
a spanwise location 77 = 0.1, i.e., a distance of 10% of the span of the half wing,

measured from the center body.



Experiments include two cases: first is the stationary (unperturbed) case, which
means that the wing was mounted to the vertical plate and kept stationary; the second
was the excited (perturbed) case, which means that the wing was subjected to angular
perturbations of small displacement amplitude at specific frequencies. Preliminary
experiments on the stationary wing were performed at four values of angle-of-attack o
=6° 9°, 12° and 15° At each angle-of-attack, four values of Reynolds number based
on the root chord Recror = 10,000, 30,000, 50,000 and 100,000, corresponding to
Reynolds number based on the mean aerodynamic chord Rec = 5,976, 17,927, 29,879
and 59,758, were considered to determine effects of Reynolds number on the flow
patterns.

By examining the results of PIV and dye visualization for the stationary case, it
was found that an angle-of-attack o = 12° provided a fully-stalled condition, which
provided a basis for investigation of the effectiveness of perturbations on altering the
stalled flow patterns; this value of o is employed herein. A computer-controlled
motor system mounted above the water channel was used to control and provide
perturbations of angle-of-attack as shown m Figure 1a. An adjustable jack provided
variations in tension of the belt from the motor system to the axis of rotation of the
wing, which was at the mid-chord of the 1303 UCAV model. This system provided
perturbation frequencies up to 5 Hz for an amplitude of the pitching motion
corresponding to 0.45°. The wing was perturbed at the fundamental f, and
subharmonics f,/2, f,/4, and f,/8 of the spanwise-averaged. frequency f, of small-scale

vortex formation from the leading-edge of the stationary wing. This vortex formation
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was clearly prevalent at the spanwise locations n = 0.5 to 0.9. The frequency f,=2.5
Hz corresponds to a dimensionless frequency f,C/U = 6.64 based on mean
aerodynamic chord, and dimensionless frequencies £,C"/U = 4.86,2.56 and 1.44 based
on values of sectional chord C” at spanwise locations 7= 0.5, 0.7 and 0.9, in which 7
= 7/S, where S is the semi-span of the wing. Ho and Huerre (1984) assess a vﬁde
variety of works involving perturbation of a shear layer separating from an edge.
Excitation of the inherent, convective instability at the fundamental (most unstable)
frequency f,, or one of its subharmonics f,/n, is particularly effective. This guidance
provided the basis for selection of the excitation frequencies employed in this
investigation, f, to f,/8. For the present configuration, the most unstable frequency
varies along the span of the stationary leading-edge, and the spanwise-averaged value
of £, is considered. When the wing is perturbed, the frequency of the initial region of
development of the instability is constant along the span, as verified with dye
visualization. Furthermore, in the limiting case of a linearly evolving disturbance
from the leading-edge of the wing, it is known from the inviscid stability calculations
of Michalke (1984) that the separating shear layer can effectively amplify
disturbances, that is, the magnitude of the amplification factor is large, over a
relatively wide band of frequencies.

A technique of high-image-density particle image velocimetry was employed
to characterize the quantitative flow patterns. The orientation of the laser sheet is
shown in Figure la. The laser was mounted on a traverse system, allowing images to

be acquired at various spanwise locations 7.
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The water was filtered with a one micron filter system and subsequently
seeded with 12 micron diameter metallic coated neutrally buoyant plastic spheres. The
seeding density was sufficiently high that 14 particle images were typically attained
within the interrogation window of 32 pixels x 32 pixels employed for PIV. The
seeding density of these particles was sufficiently large, such that the high image
density criterion was satisfied. The laser sheet was generated by a dual pulsed Yag
laser system having a maximum output of 90 mJ; approximately one-half of this
output was employed during the current experiments. The pulse rate of the lasers was
29 Hz, which corresponds to the gcquisition of 14.5 image pairs per second.

Processing of the patterns of particle images involved a frame-to-frame cross-
correlation technique. A 32 x 32 pixel interrogation window was employed, with a
50% overlap. During the course of the experiments, acquisition of images at various
spanwise locations 1} along the span of the wing required readjustment of the distance
from the sensor array of the camera to the physical plane of the laser sheet. This
distance ranged from 456 mm to 1052 mm. In turn, this range corresponds to effective
values of magnification extending from 19.7 to 4.55, and values of grid size (distance
between locations of velocity vectors) in the physical plane of the laser sheet from
1.624 to 7.033 mm. More specifically, at values of 7 = 0.1, 0.3, 0.5, 0.7 and 0.9, the
values of magnification were 4.55, 7.07, 9.77, 13.414 and 19.77 pixel/mm,, and the
effective grid sizes were 7.033, 4.557, 3.275, 2.385 and 1.624 mm. Values of

magnification and grid size correspond to a field of view at values of 7= 0.3, 0.5, 0.7

and 0.9 in the physical plane of the laser sheet of 212 mm x 98 mm, 152 mm x 88
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mm, 108 mm x 67 mm, 75 mm x 43 mm,. Furthermore, the number of pixels of the

imaging camera was 1600 pixels x 1200 pixels. The overall uncertainty of the velocity
measurements is estimated to 1.5%. In excitation (perturbed) case, images were not
considered at 7= O 1.

In order to detérmine the time-averaged patterns of velocity vectors, <V>, a
total of 200 instantaneous images were averaged. Furthermore, time-averaged
representations of the flow structure, involving surface normal vorticity <>,
streamlines < ¥>, and contours of constant streamwise velocity <u> were calculated
from the time-averaged patterns of velocity vectors.

A TSI particle image velocimetry system was used for acquiring images.
Insight 3G softiware of TSI was used in pre-processing, processing and post-
processing of images. Background subtraction with minimum intensity was employed
in the pre-processing section to remove the unexpected laser reflections from the
boundary of the wing. During the interrogation process, the Nyquist criterion was
satisfied, and the Hart Correlation Algorithm was used, which is a direct correlation
method that processes only the most significant pixels to improve processing speed. A
bilinear peak method was employed as a peak engine; it is the recommended peak
engine for the Hart correlation. It works by locating the correlation peak with sub-
pixel accuracy by fitting a set of linear functions to the highest pixel and its four
nearest neighbors. In the post-processing section, the Median test method was applied
for vector validation and elimination of bad vectors in the image of the flow field.

Median test eliminates invalid vectors by comparing the difference between each
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velocity vector and its local median velocity with the given tolerance. In order to fill
the removed data, a recursive filling method was employed. Finally, by using
Gaussian low-pass filtering, smoothing was performed after filling the holes. The
Gaussian low-pass filter uses a rotationally symmetric kernel of size n (filter size),
which was 5x5, and standard deviation o, which was taken as 0.8 in present
experiments. The results obtained from those parameters were compared with the
results obtained from another program, NFILVB, which was previously used in the
processing of previous experiments performed in the Fluid Mechanics Laboratories at
Lehigh University. It was found that both results yielded the almost same velocity and
vorticity contours of the flow field. The Tecplot 360 program was used to prepare the
final forms of data which included patterns of velocity, vorticity, streamlines and
Reynolds stress in time-averaged, phased-averaged and instantaneous form. The

images presented in this thesis were prepared by utilizing CorelDraw program.

13



3. FLOW STRUCTURE ON STATIONARY WING

The goal of the stationary wing experiments is investigation and quantitative
characterization of the flow structure along the 1303 UCAV c\onﬁguration at four
values of angle-of-attack o = 6°, 9°, 12° and 15°. For all cases, Reynolds number based
on the root chord was Recoor = 50,000, corresponding to a value based on the mean
aerodynamic chord of Rec = 29,879. Moreover, the effects of Reynolds number on the
flow structure were examined at angle-of-attack o = 12° for four values of Reynolds
number based on the mean aerodynamic chord Rec = 5,976, 17,927, 29,879 and
59,758. All experiments were performed at five values of spanwise locations 7 = 0.3,
0.5, 0.7, 0.8 and 0.9, in which 7 = 2/S, where S is the semi-span of the wing. The
results of the side-view PIV and the dye visualization measurements of the stationary
wing are given in Figures A.1 trough A.Zl.
3.1 Effect of Angle-of-attack on Flow Structure

Contours of time of time-averaged dimensionless vorticity <a&>Croor’U and
the streamwise component of velocity <u>/U for angles-of-attack « = 6°, 9°, 12° and
15° are presented in Figures A.1, A.3, A.5 and A.7 at five values of spanwise location
n=103,0.5, 0.7, 0.8 and 0.9. For each angle-of-attack, time-averaged streamlines
<¥> and Reynolds stress correlation <u'v*>/U7 are shown in Figures A.2, A4, A6,
and A.8.

At the lowest angle-of-attack, a = 6°, the vorticity <a&>Crpop’U indicate that at

the tip of the wing corresponding to 7 = 0.9, the region of high level vorticity,
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indicated by the red color, extends to nearly the trailing-edge of the wing section; this
extent of the high level region corresponds to the dimensionless streamwise distance
x/C =0.28. Further inboard from the tip of the wing, at values of 7= 0.8 successively,
this streamwise extent of x/C = 0.28 is approximately preserved. At locations still
further inboard of the wing tip, 7 = 0.5 and 0.3, the layer of vorticity remains attached
to the wing along its entire streamwise extent. These patterns of vorticity <&>CroopU
are associated with the contours of constant streamwise velocity <u>/U shown in the
right column of Figure 8.1. Most significant is the occurrence of a region of nearly
zero or even negative velocity <u>/U in the region adjacent to the wing surface, for
values of 77 = 0.7 through 0.9. This observation suggests that the flow pattern on the
outboard region of the wing is, essentially, stalled at 7= 0.9 and exhibits bubbles of
decreasing size at 77 = 0.8 and 0.7. The patterns of streamlines shown in Figure A.2
show these regions of separated flow. The contours of constant Reynolds stress
<uv'>/U? shown in the right column of Figure A.2 indicate that the onset of
significant turbulence occurs as the separated shear layer approaches the region of the
trailing-edge of the wing at values of 7 = 0.7 through 0.9. At a higher value of angle-
of-attack, a = 9°, shown in Figure A.3, illustrated in the left column, which shows
patterns of vorticity <a>Croor'U, the streamwise extent of the region of highest level
(red) vorticity extends only to x/C of approximately 0.18 to 0.2 at spanwise sections 7
= (.7 to 0.9. This streamwise extent of the high vorticity region is significantly

smaller, and at the lower angle-of-attack = 6° illustrated in the left column of Figure

15



A.1. <a>Croor/U fully attached vorticity layer is evident only at 7= 0.3. Substantially
large regions of zero or negative streamwise velocity <u>/U are shown in Figure A.3
at values of 7 = 0.7 through 0.9, and a detectable region of velocity immediately
adjacent to the surface of the wing, representative of a separation bubble, is evident at
n=0.5.

The corresponding patterns of streamlines in Figure A.4 are in accord with the
representations of the contours of constant streamwise velocity component shown in
Figure A.3. That is, regions of large-scale flow separation occur at 7= (.7 through 0.9
and a separation bubble exists at 7 = (.5. Patterns of Reynolds stress correlation
<uv>/U? given in the right column of Figure A.4 indicate that the onset of substantial
fluctuations has progressed well upstream of the location indicated for @ = 6° in the
right column of Figure A2

At a still larger angle-of-attack o = 12°, represented in Figure A.S, the
trajectories of the vorticity layers suggest a substantially separated flow at spanwise
locations 7 = 0.5 to 0.9. Indeed, regions of large spatial extent of zero or negative
streamwise velocity <u>/U are evident in the right column of Figure A.5 for values of
n= 0.5 through 0.9. The corresponding patterns of streamlines in Figure A.6 reinforce
this observation, and the patterns of Reynolds stress correlation <u'v>/U” given in the
right column of Figure A.6 show substantial values over a significant share of the

wing section.
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At the highest angle-of-attack & = 15°, shown in Figure A.7, the trajectories of
the vorticity layer suggest highly separated flow over spanwise locations 7= 0.5 to 0.9
and, indeed, the regions of (dark blue) zero or negative streamwise velocity <u>/U are
strikingly evident in the right column of Figure 8.7. Even at the extreme inboard
location # = 0.3, a region of localized separation, i.e., a separation bubble, is located
immediately downstream of the leading-edge. All of these features are in accord with
the patterns of streamlines given in the left column of Figure A.8. The onset of
substantial values of Reynolds stress correlation <u%*>/U? is quite clear at values of
x/C = 0.2 at all values of 7= 0.3 t0 0.9.
3.2 Effect of Reynolds Number on Flow Structure

To investigate the effects of Reynolds number and free-stream velocity on the
stationary wing, experiments were performed at four values of Reynolds number
based on the mean aerodynamic chord: Rec = 5,976, 17,927, 29,879 and 59,758. The
results of time-averaged patterns of vorticity, velocity, streamlines and Reynolds
stress, and instantaneous patterns of vorticity are presented in Figures A.9 through
Figure A.16. For this investigation, the angle-of-attack is maintained at a value o =
12°

Figures A.9, A.11 and A.13 show contours of time-averaged dimensionless
vorticity <a>Croor’U and the streamwise component of velocity <u>/U for values of
Reynolds number based on mean aerodynamic chord Rec= 5,976, 17,927 and 59,758.
The same parameters are shown in Figure A.5 for Rec = 29,879. From the comparison

of contours of <a>Crpor/U, it is clearly seen that the extent of the peak (red) regions
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of vorticity slightly increases for higher Reynolds numbers Rec = 17,927 and 29,879
relative to the lowest value, Rec = 5,976. On the other hand, at the highest value of
Rec = 59,758, this extent of red region becomes shorter relative to Reynolds numbers
Rec = 17,927 and 29,879. There appears to i>e a limit value of Reynolds number on
extension of the region of high positive vorticity. By comparing the mean velocity
contours <u>/U of the first three Reynolds numbers, it is found that the region of
negative or very low (dark blue) regions become larger with increasing Reynolds
number. In the other words, with increasing of Reynolds number, larger separated
regions form along the wing. But, this negative region becomes smaller for the highest
Reynolds number as shown in Figure A.13. At the same time, a similar effect of
Reynolds number as seen on the limit of extension of vorticity and enlargement of the
stall region.

Figures A.10, A.12, A.6 and A.14 show patterns of time-averaged streamlines
<% (left column) and Reynolds stress correlation <uv'>/UP (right column)
respectively for values of Rec = 5,976, 17,927, 29,879 and 59,758. The patterns of
streamlines in Figure A.10 show an outward spiraling pattern at all spanwise locations,
except 7 = 0.3 for the case of Rec = ‘5,976. For the other values of Rec = 17,927,
29,879 and 59,758, at the spanwise location 7 = 0.9, patterns of streamlines are very
similar except the width of the regions of upstream-oriented streamlines. Those
regions become narrower for the highest Reynolds number. At the spanwise location 7
= (.8, the center of upstream-oriented streamlines appears at a location upstream of

the trailing-edge for Rec = 17,927, but it forms downstream of the trailing-edge for
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higher Reynolds numbers Rec = 29,879 and 59,758 due to the high free-stream
velocity. On the other hand, at the spanwise location 7 = 0.5, upstream-oriented
streamlines are observed closer to the leading-edge and the leading-edge separation
bubble moves upstream along the surface of the wing with increasing Reynolds
number. This inference is confirmed when the Reynolds stress correlations are
compared. Increasing Reynolds number advances the onset of negative (green and
blue) <u'v'’>/U” towards the leading-edge of the wing. As shown in Figure A.10, the
widest regions of high mégrﬁtude negative (dark blue) <u'v>/UF are viewed at the
lowest value of Reynolds number.

Further investigation of the effects of Reynolds number on the flow structure is
given in Figures A.15 and A.16. Comparisons of instantaneous patterns of vorticity at
four different Reynolds numbers are shown. The concentrations of small-scale vortical
structures forming in the separated shear layer are well-defined for all values of 7. As
shown in the left column of Figure A.15, for the lowest Reynolds number, the vortex
system is relatively coherent and larger-scale structures are present along the wing
relative to cases of higher Reynolds number. From the interpretation of the wavelength
A between the initially-formed vortices, it is also evident that the wavelength A
becomes shorter, and formation of small-scale vortices appears closer to the leading-
edge, with increasing Reynolds number. In Figure A.16, it is shown that large regions
of more complex vortical structures are present for higher Reynolds numbers. Small-
scale vortices in the separated shear layer come together and form a large and complex

vortical group.
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3.3 Comparison of Results with Previous Experimental and Computational Studies

Figures A.17 through A.19 show comparison of dye visualization versus
computational results of AFRL at three values of angle-of-attack o = 6°, 12° and 15°,
for a Reynolds number based on mean aerodynamic chord of Rec = 32,000. As seen in
Figure A.17, at a = 6°, a leading-edge vortex system is observed in both images of dye
visualization and computed off-body streamlines. It is clearly seen that the leading-
edge vortex forms at a location between 77 = 0.5 and 0.3, as shown in dye visualization
images. It also forms at a location well downstream of the apex in the computational
images. In general, the vortex systems observed in the images of dye visualization and
computations are similar. Both have a vortex system, with larger-scale structures
present at the wingtip, and the leading-edge vortical structure follows nearly the same
trajectory. Small scale vortices are present near the trailing-edge in the images of the
computations. In the upper right dye visualization image, a similar structure is seen
near the trailing-edge between the plane of syﬁlmetry and the spanwise location n7 =
0.5.

Figure A.18 shows comparison of leading-edge vortical structures at angle-of-
attack o = 12° Béth dye visualization and computational results show that a stronger
and more complex vortical system emanates from the apex at o = 12°, relative to o =
6°. The trajectory and structure of the vortical system seen in dye visualization agree

very well with computational results.
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For o = 15° case, a considerably different vortical structure emerges, as shown
in Figure A.19. Relative to the o = 6° and 12° cases, the vortical system becomes more
complex and larger. Moreover, it bifurcates into two distinct vortical structures at a
location very close to the apex of the wing. Those bifurcated vortical structures can be
also seen in upper left dye visualization image. Furthermore, for the o = 12° and 15°
cases, large regions of complex vortical flow appear over a wider area of the wing. As
observed in previous cases, at o = 15°, dye visualization and computational results
show very similar trajectories and structure of the vortical system.

Figures A.20 and A.21 illustrate comparisons of PIV analysis of flow
structures presented in this research and previous experimental and computational
results of AFRL. Comparison is based on two values of angle-of-attack o = 6° and 12°,
and two values of streamwise location 7 = 0.9 and 0.3 for a Reynolds number based
on mean aerodynamic chord of Rec = 32,000. Shown in Figure A.20 are comparisons
of the time-averaged patterns of vorticity and Reynolds stress for o = 6°. The contours
of vorticity and Reynolds stress at 77 = 0.3 are very similar in all three set of images.
All shows a thin region of reversed flow starting at approximately mid-chord, and
negative Reynolds stresses at the trailing-edge. At the spanwise location 7 = 0.9, the
thickness of negative (blue) regions of velocity appeérs larger in recent experimental
and computational data relative to experimental data obtained by AFRL.

As shown in Figure A.21, which gives a comparison between recent

experimental data and computations, contours of streamwise component of velocity
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<u>/U show good qualitative agreement, while experimental results of AFRL
designate a smaller separated region at 7 = 0.9. From the comparison of Reynolds
stress contours, it is evident that all sets of images show very similar results.
Compared to expeﬁmental results, computational data exhibit larger separation region.
Additionally, experimental results of AFRL show a slightly earlier separation region,
relative to the computations and recent experimental results. At the spanwise location
n=10.3, very good agreement of Reynolds stress patterns and velocity contours is seen

in computations and recent experiments.
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4. FLOW STRUCTURE ON PERTURBED WING

In order to determine the effectiveness of perturbations on altering the stalled
flow patterns, perturbed wing experiments were performed at an angle-of-attack o =
12° where a fully-stalled condition was observed. The value of Reynolds number,
based on mean aerodynamic chord was Rec = 17,927. In addition to Rec = 17,927, a
value of Rec = 32,000 was used for two values of excitation frequency in order to
clarify the effects of perturbations at two different Reynolds numbers.
4.1 Time-Averaged Flow Structure

In Figures AA.l1 through AA.14, patterns of time-averaged dimensionless
vorticity <@>Croor’U, Reynolds stress correlation <u'v ’>/UZ, streamwise component
of velocity <u>/U and streamlines <¥> are represented. In Figures AA.1, AA3,
AAS5 and AA.7, the overviews of the time-averaged dimensionless vorticity
<@>Cgroop’U and Reynolds stress correlation <uv>/UP are shown. Figures AA.2,
AA.4, AA.6 and AA.8 provide patterns of ie streamwise component of velocity
<u>/U and streamlines <¥>. In each set of images, in addition to the pattern
corresponding to the stationary wing, the effects of increasing values of excitation
frequency f, = f/8, f/4, f/2, and f, are illustrated. The frequency £, represents the
spanwise averaged value of the inherent instability frequency of small-scale vortex

formation in the separated shear layer at the value of Rec = 17,927. The frequency f,
corresponding to 2.5 Hz was calculated by averaging the values of frequency f; at

each spanwise location 7 which are determined using a global spectral analysis of the
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unsteady vorticity. The spectrum of the vorticity fluctuation was determined at each of
the 3999, 5022, 5096, 5612, and 4876 grid points in the image of the flow field af
values of 7=0.3, 0.5, 0.7, 0.8 and 0.9.

In Figures'AA‘l, AA3, AA.S and AA.7, it can be observed that the patterns of
dimensionless vorticity <@w>Cproor'U, given in the left column indicate that at values
of excitation frequency f; =f,/8, f,/4, f,/2, and f,, the extent of the peak (red) regions of
vorticity successively decrease at all spanwise locations, relative to the case of the
stationary wing. In Figure AA.1, at spanwise location 7 = 0.9, for the cases of £, = 1,/2
and f,, it is shown that the m1t1al region of peak (red) vorticity is attached to the
leading-edge of the wing, and further downstream, the vorticity layer bifurcates into a
higher magnitude region along the surface of the wing, and a lower magnitude region
along the locus of the separated shear layer. For all spanwise locations, this bifurcation
in vorticity layer occurs earlier at the highest value of excitation frequency £, = f,
relative to value of excitation frequency f; = Jo/2. The flow structure at successive
instants during the oscillation cycle, which are associated With the time-averaged
patterns at f, = f,/2 are addressed subsequently in Figure AA.16. It is noticed that at »
= (.9, the streamwise extent of the higher level of vorticity along the surface of the
wing is largest, and the residual vorticity in the trajectory of separated shear layer is
smallest for £, = f,/2. As shown in Figure AA.7, at n = 0.5, excitation at £ = f,/2
eliminates the zone of separation, except for a separation bubble along the surface of

the wing. At f, = f,, the separated region is nearly eliminated.
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In the right columns of Figures AA.1, AA.3, AA.5 and AA.7, patterns of
Reynolds stress correlation <u'v">/U are shown. For all spanwise locations from 7 =
0.9 to from 7= 0.5 and for all excitation frequencies f, it is obviously seen that larger
regions of large rﬁagnitude (dark blue) <u'v'>/UF originates toward to the leading-
edge of the wing, relative to the case of the stationary wing. Only in spanwise location
n=10.9, at higher values of both f, = f,/2 and f,, alternating patterns of large magnitude
negative (dark blue) and positive (dark red) Reynolds stress correlation are generated
along the surface of the wing. At the spanwise locations n = 0.8 and 0.7, this
alternating patterns due to the correlations of irrotational fluctuations induced by the
wing motion are observed only for excitation frequency f, = f,. It is also clearly
observed that while the scale of the region of large negative (dark blue) <u"v">/UF is
larger at spanwise locations 77 = 0.9, 0.8 and 0.7 for the cases of lower excitation
frequencies f. = fo/8 and f,/4, it becomes larger at spanwise location n = 0.5 for the
cases of higher excitation frequencies f, = f,/2 and f, especially in regions near the
leading-edge of the wing.

Patterns of time-averaged stre,a_mwise velocity #/U are shown in the left
columns of Figures AA.2, AA4, AA.6 and AA.8. At the spanwise locations 77 = 0.9
and 0.8, it is observed that the effect of increasing frequency, up to a value of £, = £,/2
is to decrease the region of negative or very low (dark blue) streamwise velocity. At
those spanwise locations, the flow forms an attached state along the entire streamwise
extent of the wing section at f, = f,/2. At f, = f,, the effect of the vortical motion

induced by the trailing-edge on the concentration of negative #/U is clearly seen in
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Figures AA.2, AA.4 and AA.6. This effect can be already seen in the pattern of
<w>Croor’U at f; = f, in Figure AA.1 and AA.3. At spanwise locations 7 = (.7 and
0.5, the general effect of increasing values of excitation frequency f; is a decrease in
the spatial extent of the large negative (dark blue) magnitudes as shown in Figures
AA.6 and AA.8. When we examine the streamline patterns on the right columns, a
region of substantial stall on the stationary wing is very significantly attenuated,
relative to the case of the stationary wing, even for the lowest excitation frequency f, =
Jo/8 at n=10.5.

A highly stalled region above the stationary wing can be detected from the
patterns of streamlines given in Figures AA.2, AA.4, AA.6 and AA.8. From Figure
AA2, at f, = f/8, a formation of limit cycle pattern of streamlines with an inward
spiral towards the focus (center) can be seen. Examining the case of f, = /4, a
separation bubble appears at approximately over the mid-chord and the flow reattaches
close to the trailing-edge of the wing. At f, - f»/2, smaller separation bubble forms
closer to the leading-edge. For f, = f,, a very small bubble can be detected on the
leading edge and the flow is approximately parallel to the surface of the wing except at
the trailing-edge. This form of an outward spiraling pattern is caused by the high
frequency motion of the trailing-edge. As shown in Figure AA .4, stationary and f; =
f/8 cases have similar patterns of streamlines but f; = f/8 has smaller stall region over
the wing. At f, = f/4, an inward spiraling pattern (focus of separation) is monitored
over the wing. At f, = f/2, a small form of separation bubble appears close to the

leading-edge as seen at spanwise location 7 = 0.9, but trailing-edge motion highly
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affects on the flow at 77 = 0.8 in such a way that a second form of separation appears
close to the trailing-edge. Compared to spanwise location 77 = 0.8, similar patterns of
streamlines are seen at 7 = 0.7 in Figure AA.6 except for £, = f,/4 case. For this case,
the inward spiraling pattern disappears and a stall region emerges along the wing. At £,
= f/2, a separation bubble can be still detected very close to the leading-edge. From
Figure AA.8, at spanwise location 7 = 0.5, it is evident that the separated layer is
closer to the surface of the wing, and the spatial extent of separated flow is smaller for
all excitation frequencies relative to stationary case. Excitation at £, = f,/2 eliminates
the zone of separation, except for a separation bubble along the surface of the wing. At
Je = /5, the separated region is nearly eliminated.

Due to the sweep of the leading-edge of the wing, the dimensionless magnitude
of the unsteady displacement of the leading-edge of the wing Ay.e/C get a specific
value at each spanwise location betWeen 0.03678 and 0.00233 as shown in Figure 3.
The minimum deflection of the leading-edge is at 7= 0.5 dﬁe to its closeness to the
axis of perturbation motion. In Figure 3, values of dimensionless sectional chord
length C'/C are represented for each 7. 3-D model of UCAV 1303 is made of PVC
material so computational and experimental measurements of displacement of leading-
edge are compared to show effect of bending on the wing due to perturbation motion.
Solidworks software was employed to simulate the motion. While blue solid line
represents the experimental values, dashed red line represents values of computational

simulation. It is seen from the graph that there is a very small deflection between
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computational and experimental curves at spanwise locations 7 = 0.8 and 0.9 due to
bending of the wing.

As a summation of results in Figures AA.1 through AA.8, it can be concluded
that the higher values of excitation frequency f, = f/2 and f, are the most effective in
altering the flow structure along the sectional chord of the wing in such a way as to
promote reatta;:hment of the flow to the wing surface. For stationary wing, at all
spanwise locations, it is observed that deflection of the separated shear layer from the
surface of the wing is large, and the corresponding region of separated flow has a large
extent. Compared to stationary wing, excitation at f, = f,/2 has no large regions of
separated. Moreover, excitation at f, = f,/2 does not have vortical motion in the
vicinity of the trailing-edge compared to excitation at f, = f,. It is decided that
excita}’tjon at f. = f,/2 has the most effective in altering the flow structure and favorable
for attenuation of region of substantial stall so the flow structure is addressed in
further detail for excitation at f, = £,/2 in the foilowing.

In Figures AA.11 through AA.14, comparison of the flow structure on the
stationary wing section (left column) and excitation at f, = f,/2 (right column) are
shown at five different spanwise sections from 7 = 0.3 to 0.9. From Figure AA.11, it
can be seen that the streamwise extent of the high magnitude (red) region of
<@>Croor'U is decreased by the excitation at all spanwise locations in comparison
with patterns on the stationary wing. At all spanwise locations, the high magnitude
(red) region of <w>CrpopU is formed closer to the wing surface with existence of

excitation, relative to its trajectory from the stationary wing. In the other words, the
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initial region of the separated shear layer is drawn closer to the wing by the excitation.
At 7=0.3, while a leading-edge separation bubble appears on the stationary wing, it is
eliminated by the perturbation.

In Figure AA.12, the comparison of Reynolds stress correlation <u'v'>/U* is
shown for all spanwise locations &. The effect of excitation is to substantially advance
the onset of high magnitude negative (dark blue) <u'v'>/U? towards the leading-edge
of the wing, relative to the corresponding patterns on the stationary wing. Moreover,
the high magnitude negative (dark blue) region is formed closer to the wing surface
with existence of excitation. At 7= 0.3 close to the plane of symmetry, only a small-
scale leading-edge separation bubble is formed and high magnitude negative (dark
blue) Reynolds stress is not generated.

Figures AA.13 compares patterns of time-averaged streamwise velocity w/U.
For all spanwise locations 7, the region of negative or very low (dark blue) streamwise
velocity is eliminated in presence of excitatioﬁ. Therefore, the large stall region on the
stationary wing is attenuated and an attached form of flow is observed along the entire
streamwise extent of the wing section. At spanwise locations 7 = 0.8 and 0.7, the
effect of the vortical motion induced by the trailing-edge on the concentration of
negative w/U is clearly seen.

From the patterns of time-averaged streamlines, as shown in Figure AA.14, the
spatial extent of regions of large-scale flow separation is significantly reduced and,
furthermore, regions of upstream-oriented streamlines, so prevalent on the stationary

wing is no longer evident. At values of 7= 0.7, 0.8 and 0.9, a small-scale, leading-
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edge separation bubble persists and, at 7 = 0.5, the location of this bubble moves
downstream along the surface of the wing. At 7 = 0.3, the leading-edge separation
bubble is eliminated.

4.2 Instantaneous and Phase-Referenced Flow structure

Figures AA.15 through AA.23 show patterns of phase-averaged vorticity over
an entire oscillation cycle at spanwise locations 77 = 0.9, 0.7 and 0.5 respectively for
the cases of the wing perturbed at frequencies £, = f,/4, f,/2 and f,. The instantaneous
vertical displacement of the leading-edge of the wing is designated as A(#) in the
schematic. Each image has a specified value of #7T, in which ¢ is time and T is the
period of the wing motion. In each figure, the image at the upper left corresponds to
the maximum-positive displacement and that at the upper right represents the
maximum-negative displacement. In the following, the cases of stationary and the
most effective frequency f,/2 are examined in further detail.

Figure AA.29 shows patterns of instanianeous and phase-averaged vorticity for
the case of the stationary wing. In each pattern of instantaneous vorticity, the location
of the first pronounced concentration of vorticity formed in a separated shear layer
served as the phase-reference. Small-scale vortical structures form in the separated
shear layer. For all values of 7, the concentrations are well-defined. The images of
Figure AA.29 provide a basis for interpretation of the wavelength 4 between the
initially-formed vortices, normalized by the mean aerodynamic chord C,. i.e, A/C =
0.065, 0.072, 0.076 and 0.11 at values of 7 = 0.5, 0.7, 0.8 and 0.9. These values of

wavelength may also be normalized with respect to the sectional chord C* at each
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value of 7. With this normalization, #/C* = 0.11, 0.17, 0.21 and 0.43 for the
respective values of 7 indicated in the foregoing. These images of the vortex pattterns
in Figure AA.29 provide a basis for comparison with corresponding patterns of
vorticity for the perturbed wing, which can be fundamentally different.

For the case of excitation at f;, = f,/2, as shown in Figure AA.16, at /T =0, an
extended layer of vorticity exists along nearly the entire chord and close to the surface
of the wing. High magnitude (red) vorticity layer appears in the vicinity of the leading-
edge. This overall pattern persists at #/7 = 0.1 and 0.2, while the previously formed
concentration of vorticity, represented by the large (green-yellow) cluster, continues to
translate downstream. At #T = 0.3, the elongated layer of high magnitude (red)
vorticity in the vicinity of the leading-edge starts to partition into two discrete
concentrations, and this process continues at #7 = 0.4, 0.5 and 0.6. At /T = 0.7, the
segregation of vorticity concentrations is complete, and the larger-scale concentration
starts to move along the trajectory of the sepafated shear layer, while the concentration
in the vicinity of the leading-edge becomes increasingly elongated, and eventually
merges into the layer that extends along the entire surface of the wing. The bifurcation
of the time-averaged pattern of vorticity shown in Figure AA.1 therefore involves: the
averaged consequence of discrete vortical structures originating from that portion of
partitioned vorticity shed from the surface of the wing; and the averaged form of that
region of the partitioned vorticity that remains along the surface of the wing. As
suggested by a reviewer, it is possible that reattachment in planes located in board of

the plane of interest contributes to the wall vorticity layer of Figure 6.
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The overview of Figure AA.24 shows the effect of excitation frequency f; = f,,
f/2 and f/4 at = 0.9. Images in the left column are phase-referenced according to
the appearance of cluster a at the same location. The right column of Figure AA.24
shows images one-half cycle later. At f, =1, and f,/2, in the left column of images at ¢
= t,, an elongated region of high level (red) vorticity is formed along the leading-edge.
At £, = f,, this high level layer becomes part of a lower level layer that exists over
approximately one-half chord of the wing. At . = f,/2, the lower level layer exists over
the entire chord of the wing. Moreover, at f, = f,, a concentration of vorticity exists in
the separated layer between the leading-edge and cluster a. On the other hand, at f, =
f+2, no such concentration exists in the separated layer; rather, it appears to remain
attached to the surface of the wing as part of the high concentration (red) layer at the
leading-edge. Furthermore, the images at ¢, = t, + T,/2 shqws that, at f, = f,, the
vorticity concentration leaves the surface at the leading-edge, whereas at £, = f,/2, its
departure is delayed until about one-third chord. This delay in departure no doubt
contributes to the extension of the surface vorticity layer over the entire chord of the
wing section. Finally, at the low value of excitation frequency f; = f/4 in Figure
AA .24, well-defined, smaller-scale vorticity concentrations are not formed in the
immediate vicinity of the leading-edge. The large-scale concentration a represents an
agglomeration of vorticity in the separated shear layer.

Figure AA.26 shows the patterns of vortex formation at 7 = 0.5. As in Figure
AA 24, concentrations of vorticity designated as a serve as the phase-reference. At all

values of excitation frequency, the region of high magnitude (red) vorticity is formed
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at the leading-edge is significantly reduced in spatial extent, relative to the case of the
stationary wing. Furthermore, the initially formed concentration a has a significantly
reduced value of peak vorticity. These initial concentrations of a in presence of
excitation are located closer to the surface of the wing section than for the stationary
wing. As represented by the images in the right column of Figure AA.26, the vortical
activity close to the surface of the wing section is particularly evident at excitation
frequencies f, = f, and f,/2. These observations are associated with a substantial
reduction in the extent of the region of flow separation, as indicated in Figure AA.14.
In the foregoing, a range of excitation frequency has been considered, and
these frequencies are represented by the inherent instability frequency f, averaged
along the span, and its subharmonics. High-frequency excitation of flat delta wings is
addressed in the investigation of Vardaki et al. (2008). They found that the most
effective frequencies, for inducement of flow reattachment, were in the range fC/U =1
to 2. The present configuration is a substantial departure from a flat delta wing, that is,
the existence of the crank configuration of the trailing-edge yields unusual variations
of sectional chord C" as a function of dimensionless spanwise location 7. Furthermore,
the central portion of the wmg is thick and the flow is essentially attached in that
region, A well-defined separated shear layer exists at the spanwise locations in the
outboard region, 7 = 0.5, 0.7, and 0.9. So, direct comparison of the most effective
frequencies of a flat delta wing and the high of the three-dimensional configuration of
interest herein should be done with caution. If the fundamental frequency f, is

employed as a basis for comparison, the dimensionless frequencies based on local
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chord C" are £,C"/U = 4.86,2.56 and 1.4 at n= 0.5, 0.7, and 0.9. On the other hand, if
one views excitation at the subharmonic component f,/2 as the most effective
frequency, then the corresponding dimensionless frequencies are 2.43, 1.28, and 0.72
at 7 =0.5, 0.7, and 0.9. These dimensionless frequencies are of the same order as

those determined by Vardaki et al. (2008) for the flat delta wing.
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5. CONCLUSIONS

The main goal of this study was to quantitatively characterize the flow
structure along the 1303 UCAV configuration as a function of both angle-of-attack
and Reynolds number. Evaluation of the results obtained from stationary wing
experiments led to a study that focused on control of the flow structure at high angle-
of-attack. An open-loop active control technique was employed to induce controlled
perturbations of the wing. The flow structure along both the stationary and perturbed
wing were determined in terms of patterns of mean velocity, vorticity, streamlines and
Reynolds stress, in conjunction with dye visualization.

For the case of the stationary wing, a dominant region of separated flow, i.e.,
stall, was observed in the outboard part of the wing. The scale of the stall region
increases and extends to the inboard region of the wing with increasing angle-of-
attack. Regarding the effects of Reynolds number, in general, it was found that the
scale of the stall region increases with increasing Reynolds number. There appears,
however, to be a limiting value of Reynolds number for attaining enlargement of the
stall region. Moreover, the leading-edge separation bubble moves upstream along the
surface of the wing with increasing Reynolds number. When fully separated flow
occurs, instantaneous patterns of vorticity show that, for increasing Reynolds number,
smaller-scale vortical structures are present in the separated layer. Correspondingly,
the wavelength 4 between the initially-formed vortices becomes smaller, and their

onset occurs closer to the leading-edge.
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A global spectral ar'lalysis‘of the unsteady vorticity in the separated shear layer

from the leading-edge of the stationary wing provided the spanwise-averaged

frequency of the natural instability. Small amplitude perturbations (0.45 degrees) were

applied over a range of frequencies corresponding to the fundamental and

subharmonics of the inherent instability frequency. In order to understand the flow

physics arising from perturbations of the flow structure, various representations of the

phase- and time-averaged flow structure were determined and analyzed in detail. The

principal findings are as follows.

1.

Time-averaged patterns of streamwise velocity and streamline topology indicate

that excitation at either the fundamental or subharmonic of the inherent instability

frequency is particularly effective in altering the flow structure at high angle-of-
attack. It is possible to nearly eliminate large-scale stalled regions, and attain
reattachment of the flow, except for smaller-scale separation bubbles.

The foregoing reduction in spatial extent of the separation zone is accompanied
by: a substantial reduction in the streamwise extent of the high-magnitude, time-
averaged vorticity in the separating shear layer; and an increase in magnitude of
the Reynolds stress, as well as advancement of the regions of high Reynolds stress

towards the leading-edge of the wing.

. The physical mechanisms associated with the preceding changes have been

characterized in terms of patterns of phase-averaged vorticity, acquired during the
oscillation cycle of the wing perturbation. In essence, a layer of high-magnitude

vorticity attached to the leading-edge is partitioned into two regions: one part
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forms a sequence of discrete clusters of vorticity shed from the surface of the
wing; and the other part merges into the vorticity layer along the surface of the
wing. For the latter, its streamwisé extent is related to the delay in departure of the
vorticity concentration from the surface, which is a function of the excitation
frequency. All of the foregoing features are sectional cuts of three-dimensional
flow structures. In future investigations, it would be insightful to address the
degree to which three-D features are significant.

4. The foregoing conclusions focus on the response to excitation at the fundamental
and first subharmonic of the inherent instability frequency of the separating shear
layer. It is possible, however, to induce significant changes of the time-averaged
patterns of the flow structure, even when the excitation frequency is well separated
from the inherent instability frequency, e.g., a value as low as one-eighth of this
frequency and, for transverse displacements of the leading-edge as small as 0.2
percent of the local chord. This finding indicates that very small, self-excited
elastic perturbations of the wing, or small perturbations in the inflow, can

significantly alter the time-averaged flow structure.
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Figure 1a: Overview of experimental system showing arrangement for paricle
image velocimetry system in relation to half- wing mounted in water channel.
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Figure 1b: Definitions of parameters and zoomed-in views of half wing in relation to full wing.
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w=12
Re,= 17,927

Re.= 59,757

Figure 1c: Dye visualization of flow pass center body and APEX region of wing
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Figure 2: [Hlustration of projected wing arca as a function of angle-of-attack. which is
uscd in calculation of the blockage ratio.
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Figure A.1: Time-averaged vorticity and streamwise velocity component for stationary wing at
angle-of-attack a = 6°. Reynolds number based on mean acrodynamic chord is Re.= 29879.
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Figure A.2: Time-averaged streamlines and Reynolds stress correlation for stationary wing at
angle-of-attack a = 6°. Reynolds number based on mean aerodynamic chord is Re.= 29879.
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Figure A.3: Time-averaged vorticity and streamwise velocity component for stationary wing at
angle-of-attack o = 9°. Reynolds number based on mean aerodynamic chord is Re.= 29879,

45



<uv>IU?

-0.05 -0.05

n=0.9

LA Ay N an uuan a !

yiC ://"/.-7 5 ylC
—
1

o
=
o

yiIC ¢ - : : - - yIcL
0.1
015
1
0.2
[
|
0.25 4,
0.1
yIC ‘\_\\‘ y/C .
0.1 01
02pZ% n=05- 021
= = -
= X
0.3 03}
=1 ; L 1 n
0.2 04 06 x/C
yiCF
02k
03F

n=0.3
04

1
0.2 0.4 0.6 08 1 xIC

0.5 bed

<uv>U

- e

¥ TR
-0 015 -0013 -0011 -0008 -0007 -0005 -0 003 -0007 GOJ1 0003 0003

Figure A.4: Time-averaged streamlines and Reynolds stress correlation for stationary wing at
angle-of-attack o = 9°. Reynolds number based on mean acrodynamic chord is Re,= 29879.

46




y/C
-0.056

-0.1

-0.15

y/iC
-0.1
-0.2¥ n= 0.5,
-03
n=0.3

<u>/U
I |

85 095 105 115 135

Figure A.5: Time-averaged vorticity and streamwise velocity component for stationary wing at
angle-of-attack a = 12°. Reynolds number based on mean aerodynamic chord is Re.= 29879.
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Figure A.6: Time-averaged streamlines and Reynolds stress correlation for stationary wing at
angle-of-attack o = 12°. Reynolds number based on mean aerodynamic chord is Re.= 29879.
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Figure A.7: Time-averaged vorticity and streamwise velocity component for stationary wing at
angle-of-attack a = 15°. Reynolds number based on mean acrodynamic chord is Re.= 29879,
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Figure A.8: Time-averaged streamtines and Reynolds stress correlation for stationary wing at
angle-of-attack o. = 15°. Reynolds number based on mean acrody namic chord is Re.= 29879.
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Figure A.9: Time-averaged vorticity and streamwise velocity component for stationary wing at
angle-of-attack o = 12°. Reynolds number based on mean acrodynamic chord is Re.= 5976.
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Figure A.10: Timc-averaged streamlines and Reynolds stress cormrelation for stationary wing at
angle-of-attack o = 12°. Reynolds number based on mean aerodynamic chord is Re.= 5976.
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Figure A.11: Time-averaged vorticity and streamwise velocity component for stationary wing at
angle-of-attack a = 12°. Reynolds number based on mean acrodynamic chord is Re.= 17927.
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Figure A.12: Time-averaged streamlines and Reynolds stress cormrelation for stationary wing at
angle-of-attack a = 12°. Reynolds number based on mean acrodynamic chord is Re.= 17927.
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Figure A.13: Time-averaged vorticity and streamwise velocity component for stationary wing at
angle-of-attack o = 12°. Reynolds number based on mean aerodynamic chord is Re.= 59758.
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Figure A.14: Time-averaged streamlines and Reynolds stress comrelation for stationary wing at
angle-of-attack o = 12°. Reynolds number based on mean aerodynamic chord is Re.= 59758.
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Figure A.15: Comparison of instantaneous patterns of vorticity at two values of Reynolds number based on mean
acrodynamic chorl, Re.= 5976 (left column) and Re. = 17927 (right column), for stationary wing at angle-of-attack o = 12°.
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Figure A.16: Comparison of instantancous patterns of vorticity at two valucs of Reynolds mumber based on mean acrodynamic
chord. Re. = 29879 (left column) and Re.. = 59758 (right column), for stationary wing at angle-of-attack o = 12°.
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Figure A.17: Comparison of dye visualization versus computational results of vortical structure at
angle-of-attack a = 6". Reynolds number based on mean acrodynamic chord is Re, = 32000.
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Figure A.18: Comparison of dyc visualization versus computational results of vortical structure at
angle-of-attack a = 12", Reynolds number based on mean aerodynamic chord is Re. = 32000.
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Figure A.19: Comparison of dyc visualization versus computational results of vortical structure at
angle-of-attack a = 15", Reynolds number based on mean acrodynamic chord is Re, = 32000.
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Figure A.20: Comparison of experimental and computational results of time-averaged patterns of vorticity and
Reynolds stress at o = 6°. Reynolds number based on mean acrodynamic chord is Re.= 32000,
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Figure A.21: Comparison of experimenal and computational results of time-averaged pattems of vorticity and
Reynolds stress at o = 12°, Reynolds number based on mean acrodvramic chord is Re.= 32000.
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Figure AA.1: Time-averaged vorticity and Reynolds stress contours for case of wing subjected to perturbations of
angle-of-attack according to . = & + e sim2nft ; & = 12°, oo, = 0.45°and /, = £, /8, f, /3, /, /2, and f, where f, is the inherem
instability frequency of separating shear layer. Reynolds number based on mean acrody namic chord is Re.= 17927

64



y/Cl
0.05f-

0.15

02

! | AR
0.1 0.2 0.3 xIC

s

JOE o
oo} [EXCITATION AT /

0.1
0.15

2P

ylICL
-0.05

ylc e '.:v'-fz".",'"lfi.. T,
oosk EXQITATEO

yiC

-0.1
-0.15

02p

<u>/U
R 1 . [T X8
005 005 015 025 035 045 055 065 075 085 0% 105 115 125

yiC
-0.05

yiC
-0.05

-0.1

-0.15

0.2

yiC
-0.05

0.1

-0.15

-0.2

yiC
-0.05

-0.15

-0.2

y/C
-0.05

gaATIONARY///
e =

e e L
——— EXCITATION AT /i ——~—t—=

| | | ———
0.1 0.2 0.3 YC

F——tay
i 1 T

0.1 0.2 0.3 XIC
/"/”/‘;f”‘_.-——-//’
AT [, —————

_2 EXCITATION
%//
= ¢

Figure AA.2: Time-averaged streamwise velocity contours and streamlines for case of wing subjected to perturbations of
angle-of-attack according to o = & + au sin2nft ; & = 12°, o, = 0.45°and f, = £, /8. £, 14, £, /2, and f, where £ is the inherem
instability frequency of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927

65



ylC , .
STATIONARY:

<uv>IU

01

03
yiC
01}
02k
03 1 1 1
01 62 03 04 xC
ylC e
‘E)#(Q‘ITATIONAT 14
01 B
02
03 i 2 .
01 02 03 04 x/iC
yiC S —
_EXCITATION AT f,/2
01 ;

02

03

53 07 xC

02

yIC S
EXCITATION AT /|

<>Cpoor/U

% 0 1525 3% 45 55 6 75 8 85 105 15 -0015 -0013 -0011 0009 -0007 -0 005 -0003 -0001 0001 0063 0005

Figure AA.3: Time-averaged vorticity and Reynolds stress contours for case of wing subjected to pertutbations of
angle-of-attack according to oo = o + e sin2nf1 ; o = 12°, o= 0.45and f, = [, /8, /. /4, f; /2, and f, where [ is the inherent
instability frequency of scparating shear layer. Reynolds number based on mean acrodynamic chord is Re.= 17927
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Figure AA 4: Time-averaged streammwise velocity contours and streamlines for case of wing subjected to perturbations of
angle-of-attack according to a = & + o, sin2nft . o = 12°, @, = 0.45°and /, = £, /8. [, /4. 1, /2, and f, where f, is the inherent
instability frequency of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.5: Time-averaged vorticity and Reynolds stress contours for case of wing subjected to perturbations of
angle-of-attack according to o = & + e sim2nft ; & = 12°. o, = 0.45°and /. = 1, /8, [, /4, £, /2. and f, where [ is the inherent
instability frequency of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.7: Time-averaged vonticity and Reynolds stress contours for case of wing subjected to perturbations of
angle-of-attack according to ot = & + o sin2aft : o = 12°. o, = 0.45°and [, = f, /8, [, M4, f, /2, and f, where f, is the inherent
instability frequency of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.8: Time-averaged streamwise velocity contours and streamlines for case of wing subjected to perturbations of

angle-of-attack according to o0 = & + e sin2nf1; & = 12°, o0, = 0.45°and f, = 1, /8, f, 4, f, /2, and f, where [, is the inherent
instability frequency of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.10: Time-averaged streamlines and Reynolds stress contours for case of wing subjected to perturbations of
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Figure AA.11: Time-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack
according to . = & + o sin2nft ; & = 12°, o, = 0.45and £, =/ /2, where £} is the inherent instability frequency
of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.12: Time-averaged Reynolds stress contours for case of wing subjected to perturbations of angle-of-attack
according to . = & + o Sinft ; o = 12°, o, = 0.45°and f, = £, 12, where f, is the inherent instability frequency
of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.13: Time-averaged streamwise velocity contours for case of wing subjected to perturbations of angle-of-attack
according to o = & + e sin2nft ; & = 12°, o, = 0.45°and f, = £, /2, where £ is the inherent instability frequency
of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.14: Time-averaged streamlines for case of wing subjected to perturbations of angle-of-attack
according to o = o + e sin2nft ; 00 = 12°. o, = 0.45and f, = £, /2. where f, is the inherent instability frequency
of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.15: Phase-averaged vorticity contours for case of wing subjected (o perturbations of angle-of-attack
according to o = o + o sin2nft ; o = 12°, o, = 0.45°and £ = f, /4, where f, is the inherent instability frequency
of separating shear layer. Reynolds number based on mean acrodynamic chord is Re.= 17927
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Figure AA.16: Phase-averaged vorticity contours for casc of wing subjected to perturbations of angle-of-attack
according to o = & + e sin2nft ; @ = 12°, a, = 0.45°and £, = f; /2, where f is the inherent instability frequency
of scparating shear layer. Reynolds number based on miean aerodynamic chord is Re.= 17927
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Figure AA.17: Phase-averaged vorticity contours for case of wing subjected to pertutbations of angle-of-attack
according to o = + o sin2nf1 ; & = 12°, o, = 0.45°and £ = . where £} is the inherent instability frequency
of separating shear layer. Reynolds number based on mean acrodynamic chord is Re.= 17927
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Figure AA.18: Phase-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack
according t0 o0 = & + au Sin2nft ; o0 = 12°, o, = 0.45°and £, = £, /4, where £ is the inherent instability frequency
of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.19: Phasc-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack
according to o = o + o sin2nft; & = 12°, o, = 0.45°and f, = J /2, where £ is the inherent instability frequency
of separating shear layer. Reynolds number based on mean acrodynamic chord is Re.= 17927
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Figure AA.20: Phase-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack
according 10 o = & + L Sin2nf)t ; & = 12°, o, = 0.45°and f] = £, where £ is the inherent instability frequency
of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.21: Phase-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack
according to o = o + . sin2nft ; & = 12°, @, = 0.45°and f, =, /4, where f; is the inherent instability frequency
of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.22: Phase-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack
according to o = &t + e, sin2nft; o = 12°, @, = 0.45°and £, = £, /2, where f] is the inherent instability frequency
of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.23: Phase-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack
according 10 @ = & + e sim2nft ; & = 12°, o, = 0.45°and f, = 1, where ] is the inherent instability frequency
of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figu_re AA.24: Phase-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack according to
a=o+asn2uf;a=12", a,=045andf, = £, /4.1, /2, and f,where £, is the inherent instability frequency of separating
shear layer. Case of stationary wing shown for comparison. Reynolds number based on mean aerodynamic chord is Re.= 17927

87



WO BT EXCITATION A7 7]

1 TN <0>,Coor/U

-30 .20 15 25 35 45 55 65 75 85 a5 105 115

Figure AA.25: Phase-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack according to
a=a+tosin2uft; a=12", a =045ad [, = £, /4, £, /2, and [, where f, is the inherent instability frequency of separating
shear layer. Case of stationary wing shown for comparison. Reynolds number based on mean acrodynamic chord is Re.= 17927
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Figure AA.26: Phase-averaged vorticity contours for case of wing subjected to perturbations of angle-of-attack according to
a=a+asin2afl;a=12". a,=045and [, = [, 4., /2, and f, where f, is the inherent instability frequency of scparating
shear layer. Case of stationary wing shown for comparison. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.27: Phase-averaged and instantancous vorticity contours for case of wing subjected to perturbations of angle-of-
attack according to a = o + e sin2nft ; o = 12°, o0, = 0.45°and £, = £, /4. £, /2 and f, . where f, is the inherent instability
frequency of separating shear layer. Reynolds number based on mean aerodynamic chord is Re.= 17927
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Figure AA.28: Phase-averaged and instantancous vorticity contours for case of wing subjected to perturbations of angle-of-
attack according to o = & + ot sin2aft s o = 12°, = 0.45°and f, = f, /4. /, /2 and f, . where f, is the inherent instability
frequency of scparating shear layer. Reynolds number based on mean aerodyramic chord is Re.= 17927
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Figure AA.29: Paterns of phase-averaged and instantancous vorticity on stationary wing. Reynolds numbe
based on mean acrodynamic chord is Re.= 17927 '
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Figure AA.30; Comparison of time-averaged patterns of vorticity at two values of Reynolds number based on mean
acrodynamic chord, Re.= 17927 (left column) and Re, = 32000 (right column). Wing is subjected to perturbations of
angle-of-attack according to o = o + o sin2nft : & = 12°. o, = 0.45°and f, = f, /4 and £, /2 where £ is the inherent
instability frequency of separating shear layer.
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Figure AA.31: Comparison of time-averaged patterns of Reynolds stress at two values of Reynolds number based on
mean aerodynamic chord, Re.= 17927 (left column) and Re, = 32000 (right column), Wing is subjected to perturbations of

angle-of-attack according to o = ot + et sin2nft : o = 12°, = 0.45°and f, = £ /4 and f, /2 where f, is the inherent
instability frequency of separating shear layer.
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Figure AA.32: Comparison of time-averaged patterns of streamwise velocity at two values of Reynolds number based on
mean acrodynamic chord, Re. = 17927 (left column) and Re.. = 32000 (right column). Wing is subjected to perturbations of
angle-of-attack according to o = o + e, sin2nft : o0 = 12°. o, = 0.45°and /, = f, /4 and £, /2 where f is the inherent

instability frequency of separating shear layer.
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