ON THE CONTROL OF LEADING EDGE VORTEX

STRUCTURES ON SWEPT BODIES

by
Harshad Kalyankar

Copyright © Harshad Kalyankar 2024

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF AEROSPACE AND MECHANICAL ENGINEERING

In Partial Fulfillment of the Requirements
For the Degree of

DOCTOR OF PHILOSOPHY
In the Graduate College

THE UNIVERSITY OF ARIZONA

2024



THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by Harshad Kalyankar, titled On the Control of Leading Edge Vortex Structures on
Swept Bodies and recommend that it be accepted as fulfilling the dissertation requirement for the
Degree of Doctor of Philosophy.

{/ /%{ / V22w %i/

Israel Wygnanski

Jan 3, 2025
Date:

Jesse- Little Jan 3,2025
Jesse Little (Jan 3, 2025 00:04 EST) Date:
Jesse Little
?%_ Jan2,2025
Date:
Yitshak Zohar

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission
of the final copies of the dissertation to the Graduate College.

I hereby certify that | have read this dissertation prepared under my direction and recommend
that it be accepted as fulfilling the dissertation requirement.

J My

Israel Wygnanski
Dissertation Committee Chair
Aerospace and Mechanical Engineering

Jan 3, 2025
Date:




ACKNOWLEDGMENTS

This dissertation represents a long, challenging, and transformative journey. Com-
pleting this thesis has not only been an academic endeavor but also a deeply personal
and philosophical evolution. I am incredibly fortunate to have received support from
numerous individuals who have helped guide me along the way, starting in 2015 with
my MS program under the mentorship of Dr. Israel Wygnanski—affectionately known
as Wygy. Wygy has been an extraordinary source of inspiration, instilling in me the
importance of passion, resilience, and dedication toward achieving our goals. I am
immensely grateful for his guidance in my research and for teaching me how to weave
together the various elements of academic inquiry.

I would also like to express my heartfelt thanks to Dr. Yitshak Zohar and Dr. Jesse
Little from Aerospace Engineering for serving on my dissertation committee. Their
mentorship was invaluable not only in shaping my research but also in influencing
my interactions with undergraduate students during my Teaching Assistantships in
AME 331 and AME 401. Thanks to their encouragement, I was honored to receive
the "Outstanding Teaching Assistant" award from the graduating class for multiple
years. A special thanks to Dr. Joseph Watkins from the Applied Mathematics and
Statistics department, who graciously stepped in as my minor advisor.

I am also grateful for Department of Aerospace and Mechanical Engineering, and
the College of Engineering at the University of Arizona, to have awarded me the "Col-
lege of Engineering Tuition Scholarship" during my first year and subsequently sup-
porting my academic journey through various Teaching and Research Assistantship
positions.

PhD research is rarely a solitary pursuit. I am profoundly grateful for the support
of both current and former members of the Aerolab and the Turbulence and Flow
Control Lab (TFCL). I would like to give special recognition to Dr. Lutz Tuabert for
his expert guidance in designing various experimental setups and models, as well as
for his insightful feedback. Additionally, I thank Dr. Philipp Tewes, Elisa Philips, Dr.
Marvin Jentzsch, Dr. Emile Suehiro from Aerolab, and Dr. Satyan Padmanabhan,
Dr. Ashish Singh, Dr. David Borgmann from TFCL, and Adrein Bouskela from the
Micro Aerial Vehicle (MAV) lab, for their contributions both in the lab and beyond.



I am deeply appreciative of the Machine Shop for patiently listening to my often
complex and abstract ideas, and for transforming them into tangible reality. Special
thanks go to Dale Drew, Joseph Hartley, and Paul Howarth for their skill, knowledge,
and incredible patience in helping bring my designs to life.

All work and no play makes Jack a dull boy. I am grateful to the Tucson com-
munity for providing me with a rich social life, full of hiking, and Latin and Brazil-
ian dancing. I owe a debt of gratitude to my dear friends from the dance commu-
nity—Akhil, Joel, and Marbella—for their unwavering support and for helping me
maintain my sanity throughout this journey. Some of these friendships have evolved
into family, and I would like to recognize Nithin, Mithun, Anand, and Soraya for
their companionship and care. I am also thankful for the stunning city of Tucson,
which offered ample opportunities for outdoor adventures. I cherish the hiking expe-
ditions with my friends, particularly Michael, Amanda, and others, that allowed me
to reconnect with nature and recharge.

Finally, I owe my deepest gratitude to my parents and my sister for their endless
patience, support, and love throughout this entire process. This dissertation is as

much a reflection of their hard work and sacrifice as it is of mine.



DEDICATION

[t is not the mountain we conquer, but

ourselves.

Sir Edmund Hillary



Table of Contents

List of Figures . . . . . . e 9
Abstract . . .. 15
Introduction . . . .. 17
1.1. The formation and structure ofaLEV . . . ... .. ... ...... 18
1.1.1. Primary Vortex . . . . . . . . . e 18
1.1.2. Secondary Vortex . . . . . . . . .. .. 19
1.1.3. Note on the instabilites . . . ... ... ... ......... 20
1.1.3.1. Kelvin-Helmholtz instability . . . . ... ... .. .. 20
1.1.3.2. Centrifugal instability . ... ... .......... 23
1.1.4. Note on Vortex Breakdown . . . .. ... ... ........ 23
1.2. Eectof LEradius . . . .. ... .. .. .. ..o 25
1.3. Surveyon Control of LEV . . . . .. .. .. .. ... ... ...... 26
1.3.1. Mechanicaldevices . .. .. .. .. ... ... .. .. ... 26
1.3.2. Pneumatic method-Blowing . . . . ... .. ... ....... 26
1.3.2.1. Along-the vortex core blowing: . . ... ....... 26
1.3.2.2. Normal to leading-edge (or spanwise) blowing: . .. 27
1.3.2.3. Periodic suction and blowing: . . .. .. ... ... 28
1.3.3. Pneumatic method- Suction . . .. ... ... ......... 28
1.4. Currentresearch . . . .. ... .. .. .. .. ... . ... ... 29
Experimental Setup . . . . ... 38
2.1. Arizona Low Speed Wind Tunnel . . . .. ... ... ......... 38
2.2. Model Description . . . . . . . .. 38
2.2.1. Swept WIng Flow Test model (SWIFT) . ... .. ... ... 38
2.2.2. Flat- model . .. .. ... .. ... . ... ... 39
2.3. Instrumentation . . . . . . .. ... 40
2.3.1. Force and Momentbalance . . . . . ... ... ... ...... 40
2.3.2. Mass owcontroller. . . . ... ... ... .. ... .. . ... 40

23.3. PIV 40



Table of Contents Continued
2.3.4. Flow Visualization . . ... ... ... ... .......... 41
2.4. Post-Processing Methodology-Proper Orthogonal Decomposition . . . 41
3. Results and Discussion- Effect of Geometry of finite wings . 46
3.1. Force and Moment Balance comparison . . . . . .. ... ... .... 46
3.2. Comparison of SWIFT baseline results obtained at the California In-
stitute of Technology and at the University of Arizona . . ... ... 47
3.3. Baseline ow characterization and signi cance of actuator location . . 48
331 onFlat- . ... ... ... 48
3.32. onSWIFT . . . . . . . . e 50
3.4. Note on the absolute instability of the primary vortex shear ow . . . 53
3.5. Note on the existence of centrifugal instability in the free shear layer. 54
3.6. Note on the LEV structure and its unsteadiness . . . . ... ... .. 55
3.7. Intermediate Conclusions . . . . . . . .. ... ... o 56
4. Results and Discussion- Flat Lambda . ... ... ... ...... 67
4.1. Exploring the sensitivity of actuator's angular orientation . . . . . . . 67
4.2. Exploring the extreme pitching conditions with surface ow visualiza-
tion and 2D-PIV normal to the innerwing LE . . . . . ... .. ... 67
4.3. Exploring the extreme pitch moments with stereo-PIV parallel to the
wingsurface . . . . . . L 70
43.1. At =10 ... e 70
4.3.2. At =14 e 72
4.4. Exploring the unsteadiness of the LEV structure . . . . . . ... ... 74
4.5. Intermediate Conclusions . . . . . . . . ... L oo 75
5. Results and Discussion- SWIFT . . . . ... ... ... ....... 86
5.1. Comparison of AFC Results Obtained at the Lucas Tunnel at Caltech
and at the University of Arizona's Tunnel . . .. ... ... ..... 86

5.2. The maintenance of AC at highC, by LE actuation on the outer wing 87
5.3. The Control of the Spanwise Flow and hence the LEV Lift-o by SJAs

and SSNSs . . . . . 88
5.4. Exploring the Unsteadiness on the Outer Wing due to LEV Lift-o . 91



Table of Contents Continued
5.5. Intermediate Conclusions . . . . . . . .. ... ... oo 103
6. Conclusion . . . . . ... 117
7. Future work . .. 119
A. Appendix- Swept Back Cylinder . . . ... ... ... .. ..., 121
A.1l. Model Description . . . . . . . . .. 121
A.1.1. Active Flow Control congurations: . . . . ... ... ..... 121
A.2. Reynolds number variation and attachment line instability . . . . . . 122
A.3. C variation for various actuator con gurations . . . ... ... ... 123
A4, gand variation . . . . . ... e 124
AS5. Conclusions . . . . . .. 127

References . . . . . . . 133



List of Figures

Figure 1.1. Fundamental representation of a leading edge vortex structure,
with (inset) the lift characteristics [50] . . . . . . .. ... ... .. ... 31

Figure 1.2. Leading Edge Vortex (LEV) characteristic dependence on Lead-
ing Edge (LE) sweep and angle of attack for a sharp LE delta wing

[B] - . o e 31
Figure 1.3. Sketch of the LEV structure [5] . . . .. ... .. .. ... ... 31
Figure 1.4. Flow visualization of spatially stationary, co-rotating discrete

vortices (Payne, Ng and Nelson [23])=85 , =40........... 31
Figure 1.5. Instantaneous structures for=75 at =25 with Re. =5 x

10°[9] . . . o e 32
Figure 1.6. LDV results on a sharp LE delta wing for = 70 at = 27

with Reg =156 X 1P [18]. . . . . . . . . . . i 32
Figure 1.7. Flow visualization of vortex breakdown over a delta wing, [27] . 33

Figure 1.8. Comparison of experimental and computational mean cross ow
velocity on a plane through the vortex core, on a sharp LE delta wing of

=50 at =15 andRe=2x1C. [33]. ... ... ... ... .... 33
Figure 1.9. Comparison of sharp and blunt leading edge separation, Luckring
[B4] . . e 33
Figure 1.10. Leading-edge bluntness e ect for = 65 , Ma = 0:4, Re =
6 1P, and =13 ,Luckring[35] ... ... . . .. .. 34
Figure 1.11. Two leading-edge ap con gurations: a conventional inboard
hinged ap and an extendable or folding ap, Rao [40,41].. .. ... .. 35

Figure 1.12. Cross-sectional images of the vortex at various chordwise loca-
tions for, a) no blowing, b) nozzle at x/c=30%, c¢) nozzle at x/c=80%, with
optimized pitch and azimuthal angles of the jet, Guillot and Gutmark [42]. 36

Figure 1.13. Sketch of tangential leading edge blowing, Greenwell and Wood

[45]. . . o 37
Figure 1.14. Time-averaged axial velocity ak=c= 1 due to suction along the
LE, McCormick and Gursul [47]. . . . . . . . . .. .. .. ... .. ... 37

Figure 2.1. Design comparison of nitewings. . . ... .. ......... 43



10

List of Figures Continued
Figure 2.2. Force and Moment balance coordinate system [57]. . .. .. .. 44
Figure 2.3. Force and Moment balance speci cation sheet [57]. . . ... .. 45

Figure 3.1. Baseline characterization of at- and Swept Wing Flow Test
model (SWIFT) nite wings. For at- wing: MRP=0.51, C y.c =0=
0.025, oo 2. For SWIFT: MRP=0.6024, C y.c =0=0.0026, o 1. 57

Figure 3.2. Comparing the dependence of (&, , (b) Cp, and (c) Cy on
incidence with the results reported in Veismann [51] on SWIFT model.

For Caltech MRP=0.5805, C u.c ,=0= 0.0054, o 1:5. For UA:
MRP=0.6024,C y.c,=0=0.0026, oo 1. ................ 58

Figure 3.3. Surface ow visualization for baseline con guration on at- model. 58

Figure 3.4. Ensemble averaged vorticity (,,cXU; cos) ) for baseline con-
gurationon at- model. . . . .. ... ... .o o 59

Figure 3.5. Surface ow visualization of the outer wing for no actuation at

various incidence angles on at- model. . . . . ... ... ... ..... 60
Figure 3.6. E ectof boundary layer trip-strip on SWIFT model. MRP=0.6024,

Cimc =0 mentioned inthelegend, oo 1. ... ............ 60
Figure 3.7. Comparison of baseline ow without and with boundary-layer

tripat =14 onSWIFT model. . .. .. ... ... ... ...... 61

Figure 3.8. Baseline ow without boundary-layer trip detailing the inner
wing surface features at =14 on SWIFT, (left) visualizing the suction
surface, (middle) looking at the LE, and (right) looking at pressure side. 62
Figure 3.9. Baseline ow outboard of the LE crank corresponding tda0
14 on SWIFT. . . . . . 62
Figure 3.10. Oil ow over the (a) SWIFT at = 13, (inset) Stability And
Control CON guration model (SACCON) [62, 63, 64], and (c) Blended

Wing Body model (BWB) [70]. . . . . .. ... .. ... . ... ..., 63
Figure 3.11. Verifying absolute instability for LEV ow at 38% span for =

10 baseline owon at- model. . . . . ... ... ... ......... 63
Figure 3.12. Verifying centrifugal instability for ow outside of LEV at 38%

span for =10 baseline owon at- model. . .. ........... 64

Figure 3.13. For baseline con guration with PIV plane normal to LE at 38%
spanfor =10 on at- model. . . . ... .. ... ........... 65



11

List of Figures Continued

Figure 3.14. For baseline con guration at 38% span for =10 on at- model. 66

Figure 4.1. C_ vs. C_y sensitivity of a single steady jet rotated through
various angular orientations blowing atm = 2g=s For at- wing:

MRP=0.51, Cipmc,=0=0.025, oo 2. ...... .. . .. ... .... 77
Figure 4.2. Surface ow visualization for AFC con gurationat =10 .. 77
Figure 4.3. Ensemble averaged vorticity (,,c<U; cos) ) for BL and AFC

con gurations in a 2D plane normal to LE, at 60% span, =8 . .. .. 78
Figure 4.4. Reynolds shear stress U%%(U; cos) ?) for BL and AFC con-

gurations in a 2D plane normal to LE, at 60% span, =8 ... ... 79

Figure 4.5. Conditionally averaged reconstruction of vorticity ( ;,cU; cos) ),
using the rst 10 spatial modes, for AFC con gurations in a 2D plane nor-
mal to LE, at 60% span, =8 . .. .. ... .. ... .. .. ..., 80
Figure 4.6. Ensemble averaged vorticity (,,c<U, cos) ) for BL con gura-
tion in a 2D plane normal to LE, at 38% span, = 10 with two y-
locations marked by broken green lines to show the horizontal stereo-PI1V
laser planes. . . . . . 80
Figure 4.7. Ensemble averageg UZ+ W2=U, plots for BL and AFC con-
gurations, with U=U, pro le downstream of the crank in the inset, at

=10 recordedaty=c 005 .. .. ...... ... ... ....... 81
Figure 4.8. Ensemble averageg UZ+ W2=U, plots for BL and AFC con-
gurations, at =10 recordedaty=c 002 ............... 81
Figure 4.9. Evolution of ensemble averaged velocity pro les along the LEV
core axis as recognized by=U plotforBLat =10 .. ....... 82
Figure 4.10. Mean velocity magnitude through a LEV core (along and ver-
tical) on a sharp LE delta wing of =50 at = 15 for various Re
[B3]. . . e 82

Figure 4.11. Ensemble averageg UZ+ W2=U, plots for BL and AFC con-
gurations, with U=U, pro le downstream of the crank in the inset, at
=14 recordedaty=c 005 .. ... ... . ... ... . ... ... 83
Figure 4.12. Turbulent Kinetic Energy (u®+ v®+ w®)=U2 plots for BL and
AFC congurationsat =10 ... .. ... ... .. ... ... 83



12

List of Figures Continued

Figure 4.13. (a)% TKE Eigen values, and (b) phase portrait of normalized

temporal coe cients for modes ; and , for baselineat =10 .... 84
Figure 4.14. Spatial modes (; to 4) of U-velocity for BL and AFC con g-

urationsat =10 .. . ... e 84
Figure 4.15. Spatial modes (; to 4) of W-velocity for BL and AFC con g-

urationsat =10 .. .. ... e 85

Figure 4.16. Conditionally averaged reconstruction OP U2+ W2=U, plots
using the rst ten spatial modes, for BL and AFC con gurationsat =10 85

Figure 5.1. The e ect of AFC on pitch when 6 actuators are used on the

outer wing at 0.5-2% momentum coecient . . . . ... ... ... ... 104
Figure 5.2. The e ect of 6 Sweeping Jet Actuator (SJA)s on the ow over
the outer wing and near the crank at 10-14 AcA . . . . . .. .. .. .. 104

Figure 5.3. The e ect of location of a pair of SJAs that are normal to the
LE on pitch (Cyv ), yaw (Cyn ), and roll (C. ) moments usingm; =3.5

gm/sec. MRP=0.6024,C yi.c ,==0.0026, oo 1. ........... 105
Figure 5.4. The eect of location of a pair of Steady Supersonic Nozzle

(SSN)s that are normal to the LE on pitch, yaw, and roll moments . . . 106
Figure 5.5. The e ect of changing the orientation of a single SSN on pitch,

yaw, and roll moments using 6g/s . . . .. ... ... ... ... ..., 106

Figure 5.6. (a) The e ect of changing the size of a single SSN; (b) adding
another SSN; or (c) adding a SJA in a vertical (vortilon simulated) ori-
entation. MRP=0.6024,C y.c =0=0.0026, oo 1. .......... 107

Figure 5.7. Oil ow visualizations of SSNsand SJAs . . . . ... ... ... 107

Figure 5.8. A picture of a smoke lament taken by a regular camera (fre-
quency 30 hz); (b)-(d) consecutive smoke lament pictures taken at high

speed (frequency 900 hz). . . . . . . . . . . . ... ... 108
Figure 5.9. POD analysis of smoke ow visualization. . . . .. ... .. .. 108
Figure 5.10. Phase reconstruction of the gray scale contours associated with

the baseline ow. . . . . . . . .. ... ... 109

Figure 5.11. An ensemble average of gray scales at12 , 14 & 16 and the
dependence of lifton . . . . . ... ... ... ... 109



13

List of Figures Continued

Figure 5.12. POD reconstruction of gray scales at=14 when 2 actuators

L9+T9 actuators were used (top); when only L9 was used (bottom). . . 110
Figure 5.13. Power spectral density obtained from the gray scale records at
two locations overthewing . . . . .. .. .. ... .. ... ... 110

Figure 5.14. Mean velocity distributions in the streamwise direction & spectra
measured by a hot wire at two locations shown in the absence of actuation. 111

Figure 5.15. Mean velocity distributions in the streamwise direction & spectra
measured by a hot wire at two locations shown when 2 SSNs were used

to control the pitch at L-9 & T-9 indicated in gure 3.2. . . .. .. ... 112
Figure 5.16. Power spectra of the force balance oscillations: (ayr12 ; (b)
=14 . e 112

G
Figure 5.17. Ensemble averaged (a, c, e) of in-plane velocity magnitude@2 + VZ:Ul )

with streamlines, and (b, d, f) out-of-plane velocity W=U, ) for (a, b) BL
at =12°, (c, d) BL at =14°, and (e, f) AFC at =14°, at z/b=0.55
(yellow broken lines approximately indicates the horizontally illuminated

plane). . . . .. ... e 113

.
Figure 5.18. Ensemble averaged of (a) in-plane velocity magnitude U° + V>=U; )

with streamlines, and (b) out-of-plane velocity W=U, ) for BL at =14°,

at z/b=0.70. . . . . e 114
Figure 5.19. POD analysis of baseline ow at =14°. Vertical plane results at

z/b=0.55 on the left and z/b=0.70 on the right showing a) % Turbulent

Kinetic Energy (TKE), b) phase portrait of normalized temporal coe -

cients for spatial modes ; and ,, and c) contour plots of spatial modes

1, 2 szand 4ofUMUJq. .. ... . .. 114

Figure 5.20. Phase reconstruction of rst 40 spatial modes with ensemble

average of in-plane velocity magnitude (U2 + V2=Ul ) with streamlines

for (a) baseline owé& (b) Using a single jet at =14°and z/b=0.55. . . . 115
Figure 5.21. Phase reconstruction of rst 10 spatial modes for the out-of-plane

velocity (W=U, ) at =14° and z/b=0.55 when a single SSN was actuated. 115



14

List of Figures Continued

q_
Figure 5.22. Ensemble averaged of in-plane velocity magnitudeU2 + W2a=U, )

with streamlines for =14°, (a) BL and (b) with SSN. Green dashed line

indicates where the vertical plane data shown in gure 5.17 was acquired

and the white arrow shows the location of the SSN actuator. (c) The top

four spatial modes of of U/} . . . . . . ... ... ... ... 116
Figure 5.23. Phase reconstruction of rg 10 spatial modes with ensemble aver-

age of in-plane velocity magnitude (U2 + W=l ) with streamlines for

(a) baseline ow, and (b)Using a single jet at =14° and the illumination

was in a plane parallel to the outer wing's planform. . . . .. .. .. .. 116
Figure A.1. Design of swept-back cylinder.. . . . . . ... ... ....... 129
Figure A2. Cyvs. C ,for =90 and120 at =0 to investigate

the e ect of C variation on the performance of various actuators. . . . . 129
Figure A.3. Dependence of Cy on oand when only the inboard actuator

at z/D=3.75 was actuated atC =1.3% on cylinder. . . .. .. ... .. 130
Figure A.4. Dependence of Cy on gand when only the outboard actuator

at z/D=6.55 was actuated atC =1.3% oncylinder. . . ... ... ... 130
Figure A.5. Comparing two foot-prints of sweeping jets for cylinder at =0

(a) emanating from ¢ =120 ; b) emanating from ¢=150.. .. .. .. 131

Figure A.6. Comparison ofCp, prolesfor =0 at =120 (a) C = 0%;
(b) Inboard C =1.3% (z/D=3.75); (c) Outboard C =1.3% (z/D=6.5)

for cylinder with square throat steady jet actuators. . . ... .. .. .. 131
Figure A.7. Stereo-PIV at z/D=8.25, =0 and square throat actuator at

0=120 . . . e 132
Figure A.8. =0 and square throat actuator at o = 120 for C =1.3%

with only inboard actuation (z/D =3.75). . . ... .. ... ... .... 132



15

Abstract

Tailless -wing planforms have gained signi cant interest since the early 2000s due to
their potential to combine stealth with aerodynamic performance, as exempli ed by
the X-47B, Blended Wing Body model (BWB), and Swept WIing Flow Test model
(SWIFT). The current research explores ow control on con gurations featuring a
high sweep () inner wing Leading Edge (LE) ( = 60 ) transitioning into a lower
sweep outer wing (= 30 ) via a crank. The SWIFT model was extensively inves-
tigated at higher Reynolds number (Re) at the National Transonic Facility (NTF),
and a scaled model retro tted with Active Flow Control (AFC) was tested at Califor-
nia Institute of Technology (Caltech) and University of Arizona (UA). A simpli ed
sharp leading edge at surface - model was also tested to x the primary ow sepa-
ration at LE. Despite signi cant sectional geometry di erences between the models,
with the spanwise thickness variation and wing twist on SWIFT a ecting its Leading
Edge Vortex (LEV) development, the two wings exhibited similarities in the lift-slope
(4%), drag slope &2) and the departure of trimmed pitch (S = 0). A single jet

in uenced the dynamics of the LEV structures, generating an on-demand nose-up or
nose-down pitch moment at low incidence angles.

The LEV primarily consists of a separating shear layer that forms the primary
vortex and a smaller and weaker counter-rotating secondary vortex. Surface ow
visualization distinctly identi ed two LEVs on the at- model, one for each inner and
outer wing; and was complimented with two-dimensional Particle Image Velocimetry
(PIV) normal to the inner wing LE at 38% span, and stereoPIV in a plane parallel
to the wing's suction surface, at 8 y-normal distances. A Steady Supersonic Nozzle
(SSN) mounted on a rotating platform, located near the Secondary Separation line
(SS) at 39% span on the inner wing, a ected the evolution of the inner wing LEV
and its interaction with the outer wing LEV, thus a ecting the lift distribution over
the outer wing and thus the pitch moment. Two nozzle orientations were selected
for detailed investigations, =330 and 270 that generated nose-up and nose-down
pitch moment respectively. Actuationat =330 normal to outer wing LE, displaced
the secondary vorticity of the inner wing LEV thus weakening the LEV and increasing
its interaction with the outer wing LEV. Whereas actuation at = 270 energized
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the axial momentum of the inner wing LEV core thus delaying its lift-o .

The blunt LE on SWIFT caused the Primary Separation line (PS) line to be
on the suction surface, resulting in a smaller LEV. The LEV lifted-o at = 13
from near the crank region, highlighted by the curved streaklines in the surface ow
visualizations. LEV-lifto triggered strong ow oscillations over the outer wing, with
a dominant frequency of 16hz 17hz. Preliminary attempts are made to relate it to
the Kelvin-Helmholtz (K-H) instability. These oscillations were limited by the use of a
single SSN located at 61% span (outboard of the crank), blowing at= 105 (towards
the inner wing), and also generated a nose-down pitch moment. The ow oscillations
and the e ect of AFC were characterized by stereo-PIV parallel and normal to the
surface, hotwire and force balance measurements, along with smoke ow visualization.
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1. Introduction

Delta wings, renowned for their triangular shape, are widely used in high-agility air-
craft and missile ns. Their aerodynamic advantage lies in the generation of powerful,
counter-rotating Leading Edge Vortex (LEV) over the wing as illustrated in gure 1.1.
These vortices, created by the roll-up of separated shear layers from the leading edge,
induce low pressure on the wing's suction surface augmenting lift. The local structure
of the LEV (i.e. at every cross section of the LEV) is determined by the ratio of its
angular momentum to the axial momentum. The separated shear layer along the
span of the delta wing continuously adds to the angular momentum. Initially due to
the incidence, the axial momentum increases due to the favorable pressure gradient
along the LEV axis, and then decreases due to the adverse pressure gradient as it
approaches the Trailing Edge (TE) or wing-tip. Thus the size and strength of these
LEVs depend on, in no particular order, Leading Edge (LE) sweep angle ), angle

of attack ( ), planform geometry including bluntness of the LE radius, and weakly
dependent on Reynolds numberRe) determining the boundary layer characteristics
(except for high compressible Mach numberdyla). Luckring [1] provided a com-
prehensive overview of these factors' impact on LEV characteristics across various
aircraft. For slender wings ( 65 ), sharp-LE delta wings at lowMa, Reynolds
number independence was demonstrated [2].

By moving from a simple delta wing to a cranked lambda wing con guration, with
the outer wing at a lower sweep angleouer < inner @S investigated here, potentially
generates a new LEV on the outer wing. This severs the connection of the separated
shear layer to the inner wing LEV, and potentially robbing it of its momentum. The
purpose of the current study is to improve our understanding of the LEV structure
in an attempt to control it, control its path on a wing's surface and by doing so
control the moments acting on the wing. The following introduction provides a brief
historical overview of LEV research.

Breitsamter [3] categorized LEV behavior into four regions for sharp-edged delta
wings based on and (gure 1.2).

1. Atlow and , the LEV starts evolving from the rear of the wing, gradually
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extending towards the wing apex.

2. As the angle of attack increases further, the LEV becomes fully developed when
it starts forming from the wing's apex, with the shear layer on the entire leading
edge feeding it. This full development typically occurs within "region 2" (( g.
1.2)), characterized by the inboard and upward movement of the vortex axis
with increasing angle of attack.

3. For wings with 65, the LEV's spanwise position eventually becomes xed,
with only vertical movement (normal to the surface) occurring as the angle of
attack continues to increase.

4. Finally, beyond a critical angle of attack, the LEV enters a breakdown region,
marked by increased turbulence levels and unsteady ow features.

1.1 The formation and structure of a LEV
1.1.1 Primary Vortex

On a sharp leading edge delta wing at incidence, the oncoming freestream attaches
at the front attachment line on the lower surface (with the normal component of
freestream coming to a stagnation), establishing the leading edge as a xed Primary
Separation line (PS). The bevel of the wing determines the angle of the separating
shear layer. This layer curves over the surface and rolls up to form the primary vortex.
Based on ow visualization, three regions in the primary vortex can be observed in
g. 1.3 as discussed by Payne [4] and Lowson [5]. The free shear layer feeds vorticity
into the core. The rotational core is about 30% of local semi-span diameter, and
consumes the stretched vorticity sheet from the shear layer. The viscous sub-core of
approximately 5% of local semi-span diameter has very high velocity and pressure
gradients. The tangential velocities in the LEV structure can be about 1.5 times, and
axial velocities about 3 times the freestream value. Prior to the 1980s, delta wing
research primarily focused on the evolution of the primary vortex core investigating
phenomenon like vortex breakdown, in regards to its in uence on the aircraft design.
But little attention was given to how these vortices formed, and the secondary vortex
structure which is an integral part of the LEV system. The latter years brought
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attention to the free shear layer forming the substructures, and the unsteadiness
associated with the secondary vortex. These are subject to a number of instability
phenomena detailed in section 1.1.3.

1.1.2 Secondary Vortex

The secondary vortex is an important feature of the ow eld over a sharp leading edge
delta wing, in uencing the primary vortex's location and strength, thereby a ecting
the overall aerodynamic performance of the wing. When the ow associated with
the primary vortex attaches on the suction surface, part of it ows towards the LE
underneath the primary vortex overcoming the adverse pressure gradient. This causes
the ow to separate (also called as secondary separation line), and be entrained by the
separated shear layer, with the strongest entrainment being at the LE. This results
in a counter-rotating vortical structure, positioned between the shear layer and the
primary vortex. The secondary vortex manifests itself as the second suction peak
in the pressure pro les taken over the span of a slender wing [6]. Apart from the
primary attachment and secondary separation region close to the LE, boundary-layer
approximations can be made on the suction surface of the wing. A laminar boundary
layer, being more prone to separation, results in a larger and stronger secondary
vortex, displacing the primary vortex further upward and away from LE. This reduces
the primary vortex suction peak and creates a signi cant secondary suction peak. In
contrast, a turbulent boundary layer leads to a smaller and weaker secondary vortex,
allowing the primary vortex to stay closer to the wing surface. This proximity results

in a stronger primary suction peak and a less noticeable secondary suction peak [7].
The interplay between these vortices is further compounded by factors like sweep
angle. A signi cant in uence of the secondary vortex where it e ectively splits the
primary vortex into two distinct concentrations of vorticity was observed by Taylor
and Gursul [8] on a non-slender=50 wing at low Reynolds numbersRe =2:6

10%). This dual vortex structure of the primary vortex eventually fades as the angle of
attack increases, giving way to a single dominant primary vortex further away from the
surface, minimizing its interaction with the boundary-layer. With increasing sweep
angle secondary vortex prevails but its in uence on the primary vortex decreases.
Thus it appears that the signi cance of the secondary vortex structure is largely lost
on the slender delta wing community.
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1.1.3 Note on the instabilities

Visbal and Gordinier [9] compiled a list of sub-structures in the shear layer forming
an LEV, based on various experimental and computational research:

1. unsteady shear layer vortices in the instantaneous representation of the ow
eld found in experimental [10, 11, 12] and computational studies [13, 14, 15].

2. steady laminar substructures measured by Riley and Lowson [16] for very high
sweep angle and low Reynolds number.

3. mean substructures reported in time-averaged measurements [17, 18, 19] of tran-
sitional/turbulent shear layers for a wide range of sweep angles.

1.1.3.1 Kelvin-Helmholtz instability

The separated free shear layer generates discrete vortical structures, whose exis-
tence was rst inferred by Squire [20] from streamwise streaks in oil ow visualization
ona =65 at =8:2. Squire deduced that the existence would be due to an
instability of three-dimensional shear ow. The existence was later con rmed by
Gad-el-hak and Blackwelder [10] with water tunnel ow visualization of =45 and

=60 at Reynolds numbers betwee:3 10* and3:5 1C°. These discrete vortices
were parallel to the leading edge and extended along the entire span. They followed
the general outline of the primary vortex in a helical trajectory. These sub-structures
would form a larger vortex, as they moved downstream. This phenomenon can be
attributed to classical Kelvin-Helmholtz (K-H) instability of a two-dimensional free
shear layer, promoting the formation discrete vortices. Riley and Lowson [16] sug-
gested that the observed unsteady K-H instability might be an artifact of specic
wind/water tunnel conditions rather than a fundamental characteristic of the ow. It
was noted that the instability appeared within a particular range of tunnel velocities
and was potentially in uenced by vibrations from the tunnel motor cooling fan [21].
However these disturbances do not exist for computational investigations, yet Visbal
and Gordinier [9] recorded similar unsteadiness in their unsteady full Navier-Stokes
equations simulations. Considering a continuous forcing would be required if the spa-
tially developing shear layer would be convectively unstable, a triggering mechanism
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involving the interaction of primary vortex with the surface boundary layer was pro-
posed [14, 15]. A note should be made that the investigations were performed at
Re=5 10 and thus a mechanism involving boundary-layer should be probed for
higher Re in the order of 1(P.

In contrast to the unsteady K H instability, the steady instability presents as
stationary streaks visible to the naked eye when using smoke or other visualization
techniques. These streaks, rst observed in detail by Payne [4] and Payne et. al [22,
23] on delta wings of various sweep angles{70 , 75, 80, and 85 ), were visually
distinct as the shear layer wraps around the wing ( g. 1.4); and eventually developing
into larger-scale steady structures within the vortex core. Flow visualizations on a

=70 wing at low Reynolds numbers by Lowson [11], con rmed that the steady
and unsteady instabilities were distinct phenomena, although they could interact and
in uence each other. Reynolds and Abtahi [24] independently corroborated these
ndings using a water channel, =75 at = 33 at Reynolds numbers based on
chord betweenl 10* and6:2 10

The aforementioned steady sub-structures observed with ow visualization were
corroborated with quantitative measurements [17, 19, 5, 18]. Washburn and Visser
[19] quanti ed these discrete vortex structures using a ve hole probe on &= 76
and =80 sweep deltawingsat =15 forRe=0:5 10°to =1:25 1(P. The
sub-structures follow a helical path around the primary vortex core. The spacing
between these discrete vortices appeared relatively constant and was seen to decrease
with an increase in incidence. They were collinear to the streamlines that form helices
around the leading edge cores and were observed to co-rotate with the primary vortex.
Similar characteristics of the sub-structures were obatined by Lowson [5] with Laser
Doppler Velocimetry (LDV) measurements on =85 (Regorq =9  10%) delta wing.

The formation of these stationary substructures was computationally investigated
on a semi-in nite wing =75 at an incidence angle =25 with Re. =5 x 10*
by Visbal and Gordnier [9]. Unsteady full Navier-Stokes equations were computed
on domain that was discretized up to tU; =L = 1:25x 10 “ to resolve the tempo-
ral dependence of these substructures. Although instantaneous progression of these
substructures were not portrayed, an instantaneous snapshot of streamwise evolu-
tion of these substructures are detailed in gure 1.5, replicated from reference [9].
Employing an isosurface of constant vorticity the evolution of instantaneous shear
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layer structure was divided into 3 regions as displayed in g. 1.5a. Closer to the
wing apex in region 1, the shear layer is smooth, essentially steady, without any
substructures. A cross ow plane (not shown) in this region would depict the widely
accepted LEV structure involving steady primary and secondary vortices. Further
downstream (denoted as Region 1), the feeding sheet (represented by the isosurface)
is characterized by discrete and fairly organized substructures. The initiation of these
coherent substructures was found to correlate with the onset of unsteady boundary
layer separation and vorticity ejection, as displayed in g. 1.5b. The feeding shear
layer with its discrete vortices along with the counter-rotating vorticity rotate around
the primary vortex, getting stretched along their axis, eventually becoming a part of
the primary vortex. If a horizontal plane cutting through the vortex axis (slightly
inclined to the wing surface) is considered in g. 1.5a, the shear layer which is ini-
tially straight near the wing apex appears to break down into discrete concentration
of vorticity as one moves downstream. In such a sectional view the vorticity concen-
trations gives the appearance of a typical K-H instability acting in the streamwise
direction. Closer to the wing surface these substructures are nearly parallel to the
leading edge, but become inclined as they wrap around the primary vortex.Region
[1l is characterized by secondary instability of these substructures along their helical
axis, leading to a breakdown into discrete concentration of vorticity. This process is
analogous to the secondary spanwise instability of the K-H rollers. The wavelength
of this instability was of the order 2.5-3.5 , where denotes the approximate size of
the core of the substructures. It is argued that if the wavelength and location of this
secondary instability is regular enough, the substructures in region Il would appear
in time-averaged ow- eld, giving them an impression of "stationary" vortices.

These stationary-nature of the substructures were confounded by detailed LDV
investigations by Mitchell et al. [18] were performed on a sharp LE delta wing with
=70 at =27 andRegoqg = 1:56 10° (presented in gure 1.6). Mean axial
vorticity at four cross ow planes normal to the chord and the wing surface is pre-
sented in g. 1.6a. Apart from the large primary and a small secondary vortical

structures, multiple substructures co-rotating around the primary vortex, almost of
equal strength are observed. The strength of the primary vortex and these substruc-
tures decrease as one travels downstream. Considering the time-averaged nature of
the LDV measurements, they con rm the existence of spatially stationary substruc-
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tures hypothesized by the computational study [9]. In order to further investigate
the evolution of these discrete substructures around the vortex core, another inves-
tigation with ner spacing between the cross ow planes was conducted (g. 1.6b).
As one progresses in the chordwise directiotiX£c), the substructures follow a he-
lical trajectory around the vortex core, and the spacing (wavelength) between the
substructures appear relatively constant. The authors mention that the data doesn't
permit a precise evaluation of instability mechanism, but hypothesize towards the
existence of convective instabilities near the leading edge.

1.1.3.2 Centrifugal instability

Little is known of the signi cance of centrifugal instability in reference to the free
shear layer forming the LEV structure, according to the current literature survey.
Liou [25] investigated the e ect of streamline curvature on the free mixing layer. Sta-
ble curved mixing layers suppresses the growth of Kelvin-Helmholtz modes across
all unstable frequencies. Conversely, unstable curvature enhances K-H mode growth,
and create zero-frequency modes characterized by nite spatial growth rates, man-
ifesting as layers of counter-rotating vortex pairs. The K-H modes were calculated
to be in uenced by the centrifugal instability, instead of the two process happening
independently. The interplay between Kelvin-Helmholtz and centrifugal instabilities
is intricate and depends on various factors, including curvature strength, frequency,
and spanwise wave number.

Lowson [11] mentions about the possibility of the free shear layer being centrifu-
gally unstable when it negotiates the sharp leading edge, but mentions that the sec-
ondary vortex provides a stabilizing e ect. But the possibility of it being centrifugally
unstable once the shear layer passes and is above the secondary vortex is not inves-
tigated. This is investigated in section 3.5 by checking if the velocity pro le satis es
the Rayleigh criterion of increasing circulation with radius, for stable ows with ax-
isymmetric disturbance.

1.1.4 Note on Vortex Breakdown

Vortex breakdown is a complex phenomenon characterized by an abrupt change in
the structure of a swirling ow, often observed on delta wings at high angles of attack.
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This was rst observed by Werle in 1954 [26] in a water tunnel facility. It involves
a signi cant expansion of the vortex core and a decrease in axial velocity, sometimes
even leading to recirculation. Vortex breakdown results in a loss of lift and an increase
in unsteady forces, negatively impacting the aerodynamic performance and stability
of the aircraft. A water tunnel bubble visualization shows the vortex breakdown
(gure 1.7 [27]). Various explanations for vortex breakdown phenomenon based on
hydrodynamic instability, wave propagation, and ow stagnation are summarized in
several review articles [28, 29, 30, 31]. However, increased swirl number (de ned as
the ratio of tangential to axial velocity) and adverse pressure gradients outside the
vortex core are generally recognized as the driving factors [32], and an increase in
either parameter promotes the earlier occurrence of breakdown.

There are several de nitions and criteria used to identify vortex breakdown, often
based on observable changes in ow characteristics, as listed below.

1. Stagnation of the core axial velocity.
2. Axial velocity pro le transforms from jet-like to wake-like velocity pro le.
3. Change in the sign of the y-normal vorticity.

4. Decrease in the suction peak associated with the primary vortex, with an in-
crease in angle of attack.

5. Swirl number greater than 1.3.

PIV investigation with the laser plane passing through the vortex axis, slightly
inclined to the surface on a sharp LE delta wing=50 at = 15, is compared
with unsteady full Navier-Stokes computations by Gordnier [33], foRe = 2 x 10°
in g. 1.8. Although the apex and TE are not established in the g. 1.8, spatial
references can be obtained from other results in reference [33]. Both experimental and
computational results indicate a well-de ned LEV core upstream of the breakdown
region, characterized by high cross ow magnitudes=U;,  1:8. The core is slightly
inclined to the LE sweep, with the jet-like velocity pro le extending tox=c  0:25.
The cross ow magnitude decreases due to the adverse pressure gradient and the
ow transforms to wake-like prole. The transformation region is considered to be
the vortex breakdown region, with the de nition for the location of ‘onset of vortex
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breakdown' varying between authors. Sharp delineation of the breakdown region can
be noticed for the computational results than the experimental, but qualitatively the
results agree. A better agreement was obtained for the instantaneous pro les (not
shown here). With the provided results, no comments could be made about the
stagnation of the core, also suggesting that core stagnation may not be a necessary
condition. Results forRe = 6:2 1 in g. 4.10a are compared with the current
investigation and detailed in section 4.3.1 along with a computational comparison of
variations in Re in g. 4.10b [33].

1.2 E ect of LE radius

Con gurations with blunt leading edges exhibit a progressive onset of leading-edge
separation with increasing angle of attack, unlike their sharp-edged counterparts.
Additionally separation leading to LEV will occur near but not at the leading edge.
The primary separation onset depends on the boundary-layer characteristics of the
attached ow, and hence the strength, position, and the very existence of the vortex
will be a ected by leading-edge radius and will change with Mach number, Reynolds
number, and angle of attack [1]. At low to moderate angles of attack, the ow
remains attached to the wing surface. However, as the angle of attack increases, ow
separation initiates at an outboard location near the trailing edge (g. 1.9 [34]). This
is due to two primary factors: the increasing upwash from the wing's apex to the
trailing edge, which results in a higher local angle of attack near the trailing edge,
and the variation in cross ow bluntness along the span for a model with constant
LE radius. The cross ow bluntness decreases from the root to the tip, making the
leading edge sharper towards the trailing edge, which can promote earlier separation.
Extensive experiments were performed at National Transonic Facility (NTF) as
reported by Luckring [35, 36, 37, 34] on a= 65 with various leading edge radii of O,
0.05, 0.15, and 0.30% mean aerodynamic chord, to address the onset and progression
of blunt leading edge separation including Mach and Reynolds number dependency.
The test Mach number ranged0:4 Ma 09,and6 Re 120 1C°. Sample
results at Ma = 0:4, Re = 6 1(F, and = 13 are presented in gure 1.10.
The data on the left demonstrates typical leading-edge vortex ow for a sharp-edge
con guration. In contrast, the data on the right reveals part-span vortex separation
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initiating at the 0.4 chord station. The pressure distribution on the blunt-edge case
(in the inset) exhibits a double-bump pattern, indicating the presence of a secondary,
co-rotating vortex inboard of the primary vortex.

1.3 Survey on Control of LEV

From the earliest investigations of vortical structures and their ow elds, researchers
have explored methods of vortex manipulation to achieve increased lift, reduced drag,
post-stall enhanced maneuverability, and diminished ow instabilities, reviewed by
Mitchell and Delery [38], and Gursul [39]. Only selected examples relevant to the
current research are expanded here. The control of vortical structures over delta wings
can be split into two categories: ow control via mechanical devices and pneumatic
ow control.

1.3.1 Mechanical devices

Mechanical devices encompass strakes, canards, llets, leading-edge extensions (LEXS),
aps and vortex fences. These could be considered as both passive ow control that
redirect the vortical ow (wing fence on MIG 15), and active ow control that alter
the wing geometry with the de ection of leading-edge extensions or apex aps, to
generate desired ow characteristics. Example, LEXs or strakes on F-16 and F/A-18.
Rao [40, 41] examined the in uence of leading edge aps on vortex control for 60

and =74 wings, with the ap hinged to the LE by either an inboard hinge or a
folding ap g. 1.11. The fundamental design improvedL=D by 18.4% and had an

in uence on the lateral and directional stability of the wing. But the aps were of the
order of 25% of the wing area, and could prove di cult to implement due to struc-
tural and actuator complexities. Following this, ideas like apex fence were introduced
where the apex of the wing would de ect up or down to generate an on-demand nose
up or down moment, but with complex implementation.

1.3.2 Pneumatic method- Blowing

1.3.2.1 Along-the vortex core blowing:
Along the core blowing is claimed to be the most e ective approach for delaying
the vortex breakdown for a given input momentum coe cient, as compared to other
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approaches like leading edge suction/blowing or trailing edge blowing [39]. Blowing
energizes the vortical core by increasing the axial momentum to overcome the adverse
pressure gradient. Gulliot and Gutmark [42] tested a = 60 wing at = 15
(Re=2:6 1), with a jet located at 67% local span at multiple chordwise locations,
with variable azimuthal angle to the freestream to optimize for the along the core
direction. The rst actuator was located at 30% chord with the jet oriented at
an azimuthal angle of1575 with freestream ( = 202:5 according to the current
de nition), and pitched at 35 to the surface, had the largest lift gain folC = 0:013
Flow visualization with smoke and laser sheet aligned at various x/c locations showed
that without jet blowing, a de ned LEV core was visible until x=c  0:5 (gure
1.12a). At downstream locations the smoke di used into the vortex core and was
interpreted as indicative of vortex breakdown. Jet blowing at the aforementioned
con guration energized the ow, such that a distinct core was visible until the TE
(gure 1.12b). Although the downstream jet was located at 80% chord, beyond the
baseline breakdown location, and at6875 with freestream ( = 191:25 according
to the current de nition) pitched at 25 to the surface; it extended the visibility of a
de ned core until x=c  0:6, which did not disappear until afterx=c  0:8 downstream

of the jet (gure 1.12c), suggesting acceleration of axial ow strengthening the LEV.
Additionally for both the blowing cases, a dark area appeared underneath the vortex,
indicating entrainment of unseeded air into the vortex.

The above results were supplemented by Mitchell [43] by 3D LDV measurements
ona =70 full delta wing model, at =27 and30, and atRe=1:56 10° and
2,6 1. The jet nozzle was slightly inward of the leading-edge vortex cores |
corresponding closely to the optimal orientation suggested by Gulliot and Gutmark
[42]. The delay in the vortex breakdown location due to blowing was reinforced with
velocity data; reasoned as an e ect of an increase in axial momentum. The ability to
control the breakdown location was established to be dependent on the blowing mass
ow rate and the freestream velocity.

1.3.2.2 Normal to leading-edge (or spanwise) blowing:

Leading-edge vortex strength and location are directly in uenced by the separation
line which is the leading edge for a sharp wing. Controlling separation characteristics
or the shear layer by blowing can thus be used to manipulate the vortex behavior
and delay breakdown. For blowing normally outwards, the main features of the
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ow are similar to an inclined jet in cross ow, where strong jet vortices are formed
and may merge with the LEV [39]. Tangential leading-edge blowing is signi cant for
rounded LE wings due to Coanda e ect, and symmetric and asymmetric blowing were
investigated by Wood and Roberts [44], and Greenwell and Wood [45] respectively,
ona = 60 full span cropped delta wing, 20 at Re = 1:1 1C°. Figure
1.13 shows blowing over the LE shifts the primary separation line to inboard of
LE, thus displacing the vortex. By symmetric blowing at pre-stall (unburst vortex
conditions), this shift results in a reduction in the suction pressure thus reduced
vortex strength, e ectively reducing the incidence angle . On the contrary, the
reduced vortex strength enables one to operate beyond the no blowing post-stall (burst
vortex conditions) incidence angles [44]. With strong blowing, vortex generation
was eliminated by attached ow on the upper wing. Asymmetric blowing lowers
the strength of one LEV, without a ecting the unblown LEV characteristics, thus
enabling one to achieve desired roll [45].

1.3.2.3 Periodic suction and blowing:

Although blowing is an e ective approach of ow control, the injection mass ow rate
remained a concern, leading to periodic blowing and suction with zero net mass ux
and non-zero momentum ux. The separated shear layer from the stalled leading edge
behaves similarly to a two-dimensional separated ow. Introducing periodic excitation
along the entire leading edge enhances momentum transfer across the shear layer,
provided it is convectively unstable, and was veri ed by two-dimensional Particle
Image Velocimetry (PIV)ona =60 sharp LE delta wing model for 27 atRe=

1.2 36 1 by Margalit [46]. The enhanced momentum transfer downstream of
the original breakdown location generates a streamwise vortex resembling the original
LEV, thus increasing lift.

1.3.3 Pneumatic method- Suction

Suction along leading-edge or along the core, has an e ect on the primary vortex
swirl level and/or adverse pressure gradient. Leading-edge suction approach was
investigated by McCormick and Gursul [47]Jona=70 at =30 in water channel

(4 100 Re 5 10%, showing that the maximum swirl angle and vorticity in the
core can be decreased by reducing the vorticity shed by the shear layer with suction



29

along the LE. A single component LDV measurement ax=c=1 (g. 1.14), shows
the change in the axial velocity from low magnitude wake-like velocity pro le, to
high magnitude jet-like pro le due to suction (C = 0:024). This is indicative of a
delay in vortex breakdown. Additionally the center of the primary vortex is 30%
closer to the surface, thus increasing the size of the secondary vorticity region. It
should be noted that there is a deviation of LE geometry from sharp LE due to the
need of suction at LE, requiring the use of a similar sized plate on top of the wing.
This design enabled the researchers to move the suction inboard, to understand the
e ect of manipulating the vortex core without signi cantly removing vorticity from

the shear layer. Suction at an inboard placement pulled the separating shear layer
tangentially, increasing the swirl velocity thus promoting vortex breakdown.

1.4 Current research

The current literature survey o ers limited insights into the impact of vortex manip-
ulation on the intricate interplay between the separating shear layer, primary, and
secondary vortices that constitute the leading-edge vortex structure. The current
investigation delves into this area, focusing on the e ects of such manipulation on
commercially relevant -wing planforms, as exempli ed by designs by companies like
JetZero [48] and Natilus [49]. The research aims to control pitch moment to mitigate
pitch instabilities in tailless aircraft and to enable on-demand pitch maneuverability
in pre-stall or low-incidence angle conditions. To reduce the parameters within the
scope of the investigation, the wing sweep angles, Mach number (and Reynolds num-
ber) were xed. Hence the variables under consideration the LEV development as a
function of angle of attack, and the e ect of location and orientation of actuation.
The chronology of the current research began with the control of a nite aspect
ratio swept-back cylinder. At zero-yaw ( = 0 ), the separated ow from each half
of the cylinder generates a pair of counter-rotating vortices. The symmetry of the
vortical system is too sensitive to small angles, surface discontinuities or external
disturbances, leading to mostly asymmetric vortical separation from each half. A
single jet located appropriately generated signi cant yaw moment (appendix- chapter
A), but the underlying mechanisms remained unclear. To simplify the problem, a
blunt LE nite wing was selected. Investigations on Swept WIing Flow Test model
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(SWIFT) revealed that a single jet could signi cantly in uence the pitch moment,
suggesting potential control over LEV behavior (chapter 5). The blunt-LE a ected
the separation of the attached ow from the front attachment line, impacting the
LEV formation. The variable thickness and wing twist were additional parameters
that in uenced the LEV development, thus a at-surface -wing was designed with
a sharp-LE to further condense the parameter space (chapter 4). For the benet
of the readers, the document begins by comparing the e ect of the geometry of the
LE in chapter 3, detailing the LEV structures and their e ect on the nite wings.
Subsequently, it delves into the e ect of actuation with a single jet on at- wing in
chapter 4, and on the blunt-LE on SWIFT in chapter 5. Finally, e ect of a jet on
swept-back cylinder are discussed in the appendix- chapter A.
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Figure 1.1: Fundamental representation
of a leading edge vortex structure, with
(inset) the lift characteristics [50]

Figure 1.2: LEV characteristic depen-
dence on LE sweep and angle of at-
tack for a sharp LE delta wing [3]

Figure 1.4: Flow visualization
of spatially stationary, co-rotating

Figure 1.3: Sketch of the LEV structure  discrete vortices (Payne, Ng and
[5] Nelson [23]) =85 , =40.
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(a) Instantaneous shear layer structure de- (b) Instantaneous axial vorticity at various
picted using an isosurface of axial vorticity = streamwise planes

Figure 1.5: Instantaneous structures for=75 at =25 with Re. =5 x 10* [9]

(a) Axial vorticity ( xc=U; ): a) X=c=0.53 (b) Evolution of vortical substructures
(500 mm), b) X=c=0.64 (600 mm), measured in di erent planes perpendicular
X=c=0.74 (700 mm),X=c=0.84 (800 mm). to the leeward surface

Figure 1.6: LDV results on a sharp LE delta wing for = 70 at = 27 with
Re. =15:6 x 1¢° [18].
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