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Bu ¢alismada sapma agisinin, siipiirme agisi A=70° olan bir delta kanat
tizerindeki girdapl akisa olan etkisi nitel ve nicel deneysel yontemlerle incelenmistir.
Deneyler, kanat hiicum agis1 25°<a<35° araliginda ve sapma agist 0°<P<20°
araliginda gergeklestirilmistir.

Girdap kirilma noktalari, girdaplarin kanat {izerinde hareket ettigi yoriingeler
ve girdaplarin etkilesimi boya gorsellestirme deneyleri ile incelenmistir. Stereo
pargacik goriintiilemeli hiz 6l¢gme yontemi (Stereo-PIV) ile akis alaninda anlik hizlar
Olcilerek zaman ortalama hiz vektorleri, akim ¢izgileri, ¢evrinti esdeger egrileri
Reynolds gerilmeleri, hiz ¢alkantilar1 ve tiirbiilans kinetik enerjisi gibi degiskenlerin
tirbdlans istatistikleri incelenmistir. Gaz yagi ile ylzey gorsellestirme deneyinde ise
akisin kanat ylizeyindeki ayrilma ve tutunma noktalar1 gorsellestirilmistir. YUzey
basing deneylerinde ise kanat yiizeyindeki basing katsayisi, C, dagilimi incelenmistir.

Deneysel sonuglara gore sapma agisi, B olmadigi durumda delta kanat
uzerinde simetrik bir akis yapisi olugmakta fakat delta kanada sapma agisi, , [
verilmesiyle akis yapist onemli Olcide degismekte ve asimetrik bir akis yapisi
olugsmaktadir. Sapma tarafindaki girdabin ¢okme noktasi kanattan oldukca uzaga
dogru hareket etmekte ve kanat lizerindeki izledigi yol hiicum kenarina dogru
kaymaktadir. Sapmanin tersi tarafindaki girdap ¢okme noktasi kanat ucuna dogru
hareket etmekte ve kanat tizerindeki izledigi yol kanat merkez cizgisine dogru
kayarak kanat ylizeyine yayilmaktadir. Ayrica, sapma agisinin, 3; hiz bilesenleri,
tirbulans istatistikleri ve basing katsayisi, C, dagilimlari iizerinde oldukca etkili
oldugu goriilmiistiir.

Anahtar Kelimeler: Delta kanat, Girdap ¢okmesi, Sapma agisi, Stereo PIV
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In this study, effects of yaw angle, B on the vortical flow over a delta wing
which has a 70° sweep angle, A were investigated qualitatively and quantitatively by
means of different experimental techniques. Experiments were performed as a
function of angles of attack, in the range of 25°<a<35° and yaw angles in the range
of 0°<B<20°. Leading edge vortex breakdown locations, trajectories of these
vortices and their interactions were observed using dye visualizations. Time-
averaged velocity vectors, pattern of streamlines, velocity components, contour of
vorticity distributions, turbulence statistics such as Reynolds stress correlations,
distribution of fluctuating velocities and turbulent Kinetic energy were determined
using instantaneous velocities measured by Stereo Particle Image Velocimetry
(Stereo PIV). Separation and reattachment lines on the surface of the delta wing were
also observed using surface oil visualization. Distribution of pressure coefficients C,
over the surface of the delta wing were calculated using pressure measurements.

Results revealed that in the absence of the yaw angle, B symmetrical flow
structure forms over the delta wing but when delta wing is yawed symmetrical flow
structure is altered considerably. Windward side vortex breakdown location moves
upstream, close to the apex of delta wing. Trajectories of the vortices moved towards
the central axis of the delta wing. Disordered vortices are observed to spread over the
surface of the delta wing. Leeward side vortex breakdown location moves
downstream of the delta wing and its trajectory slips towards the leading edge.
Furthermore, variation of yaw angles, B are observed to have significant effects on
the distribution of velocity components, turbulence statistics and distribution of
pressure coefficients, C, over the surface of the delta wing.

Key Words: Delta Wing, Stereo PIV, Vortex Breakdown, Yaw Angle



ACKNOWLEDGEMENTS

First of all, I would like to express my gratitude to my advisor, Prof. Dr. Besir
SAHIN for his guidance, support and encouragement during my studies. I sincerely
thank. Prof. Dr. Huseyin AKILLI for valuable advises during my studies. | sincerely
thank Serkan CAG, Assist. Prof. Dr. Biilent YANIKTEPE, Mehmet Oguz TASCI,
Sedat DOGRU, Ferdi BESNI, Research Assistant Erhan FIRAT and Sefa MERAL
for their help during my experiments. | would like to thank Assist. Prof. Dr. Cetin
CANPOLAT for his support and help during dye visualization experiments.

I am grateful to Assoc. Prof. Dr. Mustafa Serdar GENC for great support in
the wind tunnel experiments. | would like to thank Prof. Dr. Hiseyin YAPICI head
of Erciyes University Energy Systems Engineering and all academic personnel for
their support. 1 am grateful Research Assistant Halil Hakan ACIKEL, Mustafa
OZDEN, Sadik KIRIS and Mert TAS for their help during wind tunnel experiments.
| am grateful to Dr. Muhammet CELIK for his invaluable contributions.

I want to thank to dean of the Gaziantep University Faculty of Aeronautics
and Astronautics, Prof. Dr. 1. Halil GUZELBEY for his supports. I am grateful to all
personnel of Gaziantep University Faculty of Aeronautics and Astronautics who
support me during my studies.

I want to thank Scientific and Technological Research Council of Turkey
(TUBITAK) and Cukurova University Scientific Research Unit (BAP) for their

supports.

For great patience and support during my studies | want to thank my dear
wife Merve KARASU. | would like to express my gratitude my mother and all

family members who have great trust and support up to now.



TABLE OF CONTENTS PAGE

()7 |
ABSTRAGCT ...ttt ettt ettt et et et et e et be e erenaeneeneenas I
ACKNOWLEDGEMENT ..ottt sttt i
TABLE OF CONTENTS oottt v
LIST OF FIGURES ..ottt nnna e VI
NOMENCLATURE ..ottt st se e e XX
1. INTRODUCTION . ....iiiiiieiieiieese ettt sttt ene e nes 1
2. PREVIOUS STUDIES ......co ottt 9
2.1. Structure of Vortical Flow over Delta WINgGS .......ccoocoveeriiienieenenieneenie e 9
2.2. Parameters Affecting VorteX BreakdOWn ...........cccevvevieiienesiesieese e seennens 12
2.2.1.SWEEP ANGIE ... 13
2.2.2.ReyNOIdS NUMDEK ....c.eeiiiiieiieicee e 14
2.2.3.WING SNAPE......eoiii e 16

2.2 4. RO ANGIE ..ot 20
2.2.5.YAW ANQIE ..ot 21

2.3. Vortex Breakdown Control ...........ccceoiiiiiieiiiie e 25
2.3.1.PasSiVe CONLIOL ........coiiiiiiieiiecee e 25

2.3.2. ACHIVE CONLIOL.....eviiiiiiiiie s 27

3. MATERIAL AND METHOD......cocciiiiiiieietseneee e 33
3.1 Water Channel.........coiioiie e 33
3.2 WINA TUNNEL ..o e 33
3.3. Experimental APParatUSES.........ccccueivereerierieerieeieseesieeseeseesieessesseesseeseessessens 35
3.4. General Principles of the Experimental Systems ..........ccccccevivevesieivereseenne. 35
3.4.1. Particle Image Velocimetry (PIV) ... 35
34.2.STEIEO PIV .. 37
3.4.3.Surface Pressure MeasUremMeNts .........cooeveverineneeiesie e 43
3.4.4.Surface Oil VisUHZAtION.........ccceiiiiiiieie e 45
3.4.5.Dye Visualization EXPEriments .......cccocvuereereniniinie e 46

3.4.6. FIOW TOPOIOGY ... eiiiiiiiiiiieiesiiesie ettt 47



3.5, EXPErimental SELUP .....eovviiieiieieeiesee e 49

3.5.1. Dye Visualization EXPeriments .......cccccvverieiininiennie e 49
3.5.2.Stere0 PIV EXPErMENES......ccoveiiie e 50

3.5.3. Surface Pressure MeasUremMEeNts .........cooeveverereneeieenienie e 53
3.5.4.0il Surface Visualization EXPeriments..........cccoceveerenieenienniesiensesnenns 58

3.6. AIM OF the STUAY .....oovviiice s 58

4. RESULTS AND DISCUSSION ..ottt 61
4.1, DYE ViISUAHZALION .....ccviiiiiiieie ettt 61
4.2, Surface Oil VISUAIIZATION ........coiiiiiiiiie s 69
4.3. Stere0 PIV EXPEITMENTS ...c.eieiiieiieeie sttt e 74
4.3.1.Plan-View Plane EXPEeriments .........cccevereiieeriesiiesieeseeieseesieseesaennens 74
4.3.2.Side view plane exXperiments ........ccccvvivereeiesieesese e 126

4.4, Surface Pressure MeasUrEMENT .......ccooueiieierieneeniesie e see e 145

5. CONCLUSIONS AND RECOMMENDATIONS.......cccoiiiiiie et sieeesiiae s 155
5.1, CONCIUSIONS ...ttt ettt 155
5.2. Recommendations for Future STUdIES ..........ccceririniniieiereee e 159
REFERENGCES. ... .ot e 161
APPENDIX L. 171
CURRICULUM VITAE ...ttt 181



LIST OF FIGURES

Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 1.4.
Figure 1.5.
Figure 1.6.
Figure 1.7.
Figure 1.8.

Figure 2.1.

Figure 2.2.
Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.
Figure 2.8.

Figure 2.9.

PAGE
Examples of delta wing aircrafts (Wikipedia, 2015). ........ccccoceverienieennns 1
Blended Wing,X-48B (NASA,2015)......cccviimiriiiieieeneenese e 2
Geometry of @ delta WiNG. ....occvvveeiieiecie e 3
Some of the delta wing planforms (Pevit and Alam, 2014). .................... 3
Sketch of flow over delta wings (Anderson, 1991). .........ccocevvviienennnnne 4

Vortex breakdown over NASA'’s F-18 aircraft at angle of attack

0=20° and 42° (GOILZ, 2005). w.v.ovrveeereeeeeerseeeeeeesesesessseseesee s 5
Types of common vortex breakdown: spiral (a), bubble (b) and

double helix (c) breakdown types (Sarpkaya, 1971). .......ccccoevvnivrninennnns 6
Spiral and bubble vortex breakdown over a flat plate delta wing
(Lambourne and Bryer ,1961). .......cccocvereiierierie e 7
Variation of dimensionless frequency fc/U as a function of

streamwise distance, x/c and angle of attack, a. (Gursul (1994). ......... 10
Flow over delta wing (Breitsamter, 2012)..........cccocveveiiieiveresiesnenenns 12
Effect of the sweep angle, A, on vortex breakdown location over

slender delta wings (Payne and Nelson (1986)..........ccccccceevvevveeiieennn. 13

Steady lift coefficients, C, versus angle of attack at different
Reynolds numbers (Lee et al. 1987). .....ccccceveevviiniiieieee e 14

Effect of the Reynolds number on the pressure coefficient, C, of

the 60° sweep angle delta wing (Traub et al 1998). .......cccccevenieinnnns 15
Effect of the thickness of the nonslender delta wing on C, Cp and

L/D Kawazoe at al.(1994).......ccoviieiieie e 16
Flow structure over a UCAV model (Roosenboom et al. 2012). ........... 17
Spectra Sy (f) of the vertical velocity fluctuations on different delta

wing planforms(Yaniktepe and Rockwell, 2005). .........cccooveveiiiiinnnns 18
Skin friction lines on 65° delta wing (Woodiga and Liu, 2009)............ 19

Figure 2.10. Skin friction lines on 76°/40° delta wing (Woodiga and Liu, 2009). .... 19

Vi



Figure 2.11.

Figure 2.12.
Figure 2.13.
Figure 2.14.
Figure 2.15.
Figure 2.16.
Figure 2.17.
Figure 2.18.
Figure 3.1.
Figure 3.2.
Figure 3.3.
Figure 3.4.
Figure 3.5.

Figure 3.6.
Figure 3.7.

Effect of roll angle (¢) on vortex breakdown locations of 50°

sweep angle (A) delta wing at the Reynolds number of 26.700 at

different angles of attack (o) Taylor et al. (2003).......cccccvevviveevieennnnnn. 20
Streamline and vorticity patterns of unrolled and rolled delta wing
(Cipolla and Rockwell 1998). ........cccoviiiieiiiiiceee e 21
Visualization of the vortices over double delta wing with and

without yaw angle (Sohn et. Al, 2004). ......cccevveveiieiieeie e 23
Effect of yaw (sideslip) angle on surface pressure distribution at

B=0° and B=20° (Verhaagen, 1999).........cccceiiiiiniiiiniiiiciiiciecn 24
Effects of positive and negative vortex flap angles, y with

experimental C, and Cp. (Cai et al. 2014).......ccccceevvevveieiieceeecies 26
Numerical results of nondimensional streamwise velocity

compononet (Cai et al. 2014).......ccoieiiiiiiieeee e 27
Effect of perturbation and impigiment plate on flow structure over

a slender delta wing (Ozgoren et al. 2001). .......ccceevvevveieviieieeeceeias 29
Effect of trailing edge blowing at different blowing coefficient C,
(Yavuz et al., 2006)........c.ccceeruiriiiiieiieeie e 31
Schematic of the water channel (Yayla, 2009).........ccccceviiiiinicnnnnn. 33
Turbulence intensity of the wind tunnel (Karasu, 2011). ........c.ccccuo..... 34
Schematic diagram of wind tunnel (Geng et al. 2012a).............cccv..e.. 34
PIV Measurement Principle (Dantec Dynamics, 2015). ........cccccevvennens 35
General PIV Process (Yayla, 2009)........cccoiiriinieniinieee e 36
Principle of stereo-vision (Dantec Dynamics, 2006)..........c.cccceeevvennns 38

Image of the calibration target shows proper and improper
Scheimpflug condition, the left is proper, the right is improper
(Dantec DYNamics,2006). ......ccuerireererrieeiesie et 39

Figure 3.8. Two different adequate Scheimpflug conditions using online

Figure 3.9.

histogram which shows two distinct peaks (Dantec Dynamics,

2006). .ttt ettt benreare e eneas 40
Reconstruction of the 3-D vector map from a pair of 2-D vector
map (Dantec Dynamics, 2006). .........cccevverreneerreieseeseee e 41

Vil



Figure 3.10.

Figure 3.11.

Figure 3.12.

Figure 3.13.
Figure 3.14.

Figure 3.15.

Figure 3.16.

Figure 3.17.
Figure 3.18.
Figure 3.19.
Figure 3.20.

Figure 3.21.

Figure 3.22.

Figure 3.23.

Figure 3.24.
Figure 3.25.
Figure 3.26.
Figure 3.27.
Figure 3.28.
Figure 3.29.

Example of a non-symmetric stero PIV experimental set-up

(Dantec DyNamics, 2002). ......ccueveererieniienieie e 41
Interrogation and overlap areas for adaptive correlation (Dantec
DYNAMICS, 2011). ..ueeiuiiieiiecieeie e 42
PIV processing and post-processing steps (Adapted from Yavuz,

2006). ...ttt ettt re e 43
Different type Strain gauges (Instrumentation Today, 2015)................ 44
Relation of output voltage and pressure of the used pressure

transducer (Honeywell, 2001)........cccooviiriiiiniieenee e 44
Schematic of differential pressure gage with diaphragm and with
diaphragm (Holman, 2011)......cccccceiiieiieie e 45
Oil visualization over surface of a delta wing with fluorescent oil

under UV illumination (Gatlin et al. 2012).........cccooeviiiniinieiieiies 46
Oil visualization with China clay (UWAL, 2015)........ccccceevvnvninnnnnne. 46
Dye visualization of the wake of an oscillating fin (IHHR,2015)......... 47
Critical points (DElery 2001) ......ccccoeveeieeiesieseeie e sie e sae e 48
Surface flow pattern of a delta wing and flow pattern near the apex

of the delta wing.( Délery, 2013) ......cccccevviiiienieieieresese e 48

Schematic of the experimental set-up for dye visualization and
Stereo PIV experiments for plan and side-view planes. ...........cccccoeue... 50

Experimental arrangement photo for plan-view stereo PIV

BXPEITMENTS. ...ttt ettt b e st sbe e sne e e 52
Experimental arrangement photo for side-view stereo PI1V

L0 LE] ] 1115 ] TSSOSO 52
Locations of the pressure taps over the delta wing............ccccceecveveennene 53
The delta wing used for pressure measurement.........ccccccvevveeveesiveeinnnns 53
Dimensions of the delta wing used for pressure measurement.............. 54
Dimensions of the delta wing inside the wind tunnel...............c............ 56
Output voltage variation with pressure (Honeywell, 2011)................... 56
Top view of angle wind tunnel apparatus...........ccccceoeveeienienieeneneeee, 57

Vil



Figure 3.30.

Channel on wind tunnel to move the delta wing to protect from

wind tunnel wall’s INterferenCe. ...

Figure 3.31. Image of the experimental set-up of the pressure experiments. ............ 58

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Dye visualization images showing maximum and minimum vortex

breakdown locations at 0° yaw angle, B. ......ccoooevveiiniiniiiiiin

Dye visualizations in plan-view plane representing effect of yaw

angle, B on vortical flow structure at angle of attack, a=25° and

yaw angles within the range of 0<PB<20........ccccvviiiiiiiiiiienieeiieens

Dye visualizations in plan-view plane representing effect of yaw

angle, B on vortical flow structure at angle of attack, a= 30° and

yaw angles within the range of 0<PB<20........ccccviiiiiiieniiiiniieeiieens

Dye visualizations in plan-view plane representing effect of yaw

angle, B on vortical flow structure at angle of attack, a= 35° and

yaw angles within the range of 0<PB<20........cccccoviiiiiiiiiiiiiciiieee,

Vortex breakdown locations of windward side as a function of

angle of attack o and yaw angle, B.......ccccoovviiiiiiinni

Leading edge vortices interaction regions at angle of attack a=35°

.62

and yaw angle B=20°. ... 67
Dye visualizations in side-view plane representing effect of yaw

angle, B flow structure at angle of attack within range of

25°<0<35° and yaw angles within the range of 0°<B<20°................... 68
Flow patterns on the surface of the delta wing obtained oil surface
visualization eXPeriments. ........cccveveeeeiieeresee e 69
Leeward side leading edge vortices at angle of attack, a=35° and

yaw angles B=0° and B=12° .......cccccriiriiiiiiieii 70
Surface oil visualization of the delta wing at angle of attack a=25°

and yaw angle within range of 0°<B<20°. ...ccvvviiiiiiiiii e, 71
Surface oil visualization of the delta wing at angle of attack 0=30°

and yaw angle within range of 0°<B<20°. ... 72
Surface oil visualization of the delta wing at angle of attack a=35°

and yaw angle within range of 0°<B<20°. .o, 73

IX



Figure 4.13.

Figure 4.14.

Figure 4.15.

Figure 4.16.

Figure 4.17.

Figure 4.18.

Figure 4.19.

Figure 4.20.

Figure 4.21.

Patterns of time-averaged vectors <V> in plan-view plane for

angle of attack a=25° and yaw angle within the range of

0PSBE20°. v eee s s

Patterns of time-avaraged vectors <V> in plan-view plane for

angle of attack a=30° and yaw angle within the range of

0FSBE20°. v eeeeeeeee e e e es e e ee s eee s eee s s e eee s eee s

Patterns of time-averaged vectors <V> in plan-view plane for

angle of attack a=35° and yaw angle within the range of

0FSBE20°. v eeeeeeeeeeeee e e es e e ees e eee s e e s eee s ee e eee s

Patterns of time-averaged streamline <¥> in plan-view plane for

angle of attack a=25° and yaw angle within the range of

0PSBE20°. e es e eee e s

Patterns of time-averaged streamline <¥> in plan-view plane for

angle of attack a=30° and yaw angle within the range of

0PSBE20°. v s e s s eee s

Patterns of time-averaged streamline <¥> in plan-view plane for

angle of attack a=35° and yaw angle within the range of

0FSBE20°. v eeeeeeeeeeeeeeeee e s e e ess e s e s e e st eee s eee s eee s

Patterns of vorticity <> distribution in plan-view plane at angle of
attack a=25° and yaw angle within the range of 0°<f<20°.

Minimum and incremental values [<®>]min=1 and A[<®>]=1

FESPECTIVEIY. i e

Patterns of vorticity <> distribution in plan-view plane at angle of
attack a=30° and yaw angle within the range of 0°<f<20°.

Minimum and incremental values [<®>]min=2 and A[<®>]=2

FESPECTIVEIY. e e

Patterns of vorticity <> distribution in plan-view plane at angle of
attack a=30° and yaw angle within the range of 0°<f<20°.

Minimum and incremental values are [<®>]min=1 and A[<®>]=2

FESPECTIVEIY. e e

.83

.84

.85



Figure 4.22.

Figure 4.23.

Figure 4.24.

Figure 4.25.

Figure 4.26.

Figure 4.27.

Figure 4.28.

Figure 4.29.

Patterns of time-averaged components of streamwise velocity,
<u>/U in plan-view plan for the angle of attack a=25° and yaw

angle within the range of 0°<f<20°. Minimum and incremental

values are [<u>/U]in=0.05, and A[<u>/U]= 0.05 respectively...........

Contours of time-averaged components of streamwise velocity,
<u>/U in plane-view plan for the angle of attack a=30° and yaw

angle within the range of 0°<f<20°. Minimum and incremental

values are [<u>/U]nmin=0.05, and A[<u>/U]= 0.1 respectively.............

Contours of time-averaged components of streamwise velocity
<u>/U in plan-view plane for the angle of attack a=35° and yaw

angle within the range of 0°<f<20°. Minimum and incremental

values are [<u>/U]nmin=0.1, and A[<u>/U]= 0.1 respectively...............

Contours of time-averaged components of transverse velocity,
<v>/U in plan-view plane for angle of attack a=25° and yaw angle

within the range of 0°<p<20°. Minimum and incremental values

are [<v>/U]nin=0.05, and A[<v>/U]= 0.05 respectively..........c.c.........

Patterns of time-averaged components of transverse velocity,
<v>/U in plan-view plane for the angle of attack a=30° and yaw

angle within the range of 0°<f<20°. Minimum and incremental

values are [<v>/U]yin=0.05, and A[<v>/U]= 0.05 respectively...........

Patterns of time-averaged components of transverse velocity,
<v>/U in plan-view plane for the angle of attack a=35° and yaw

angle within the range of 0°<<20°. Minimum and incremental

values are [<v>/U]nin=0.05, and A[<v>/U]= 0.05 respectively...........

Contours of time-averaged components of rms of streamwise
velocity, [<ums>/U] in plan-view plane for the angle of attack
a=25° and yaw angle within the range of 0°<B<20°. Minimum and

incremental values are [<ums>/U]min=0.05, and A[<ums>/U]=0.05

FESPECTIVEIY. e e

Patterns of time-averaged components of rms of streamwise

velocity, <umms>/U in plan-view plane for the angle of attack a=30°

Xl

.96



and yaw angle within the range of 0°<B<20°. Minimum and

incremental values are [<uyms>/U]min=0.04, and A[<ums>/U]= 0.04
FESPECTIVEIY. i 97

Figure 4.30. Patterns of time-averaged components of rms of streamwise

velocity <ums>/U in plan-view plane for the angle of attack a=35°
and yaw angle within the range of 0°<B<20°. Minimum and

incremental values are [<ums>/U]min=0.04, and A[<ums>/U]=0.04
FESPECTIVEIY. i 98

Figure 4.31. Patterns of time-averaged components of rms of transverse

velocity, <vins>/U in plan-view plane for the angle of attack a=25°

and yaw angle within the range of 0°<<20°. Minimum and

incremental values are [<Vims>/U]min=0.03, and A[<vms>/U]=0.03
FESPECTIVEIY. i 99

Figure 4.32. Patterns of time-averaged components of rms of transverse

velocity, <vims>/U in plan-view plane for the angle of attack a=30°

and yaw angle within the range of 0°<<20°. Minimum and

incremental values are [<Vins>/U]nin=0.015, and A[<vims>/U]=
0.015 reSPeCtIVEIY. ..o 100

Figure 4.33. Patterns of time-averaged components of rms of transverse
velocity, <vims>/U in plan-view plane for the angle of attack a=35°
and yaw angle within the range of 0°<B<20°. Minimum and

incremental values are [<Vins>/U]min=0.01, and A[<vms>/U]= 0.01
FESPECTIVEIY. e 101

Figure 4.34. Patterns of time-averaged components of rms of vertical velocity,
<Wms>/U in plan-view plane for the angle of attack a=25° and
yaw angle within the range of 0°<pf<20°. Minimum and

incremental values are [<Wms>/U]min=0.04, and A[<wms>/U]=
0.04 FeSPECHIVEIY. ovevieciie ettt 102

Figure 4.35. Patterns of time-averaged components of rms of vertical velocity,

<Wms>/U in plan-view plane for the angle of attack a=30° and

yaw angle within the range of 0°<f<20°. Minimum and

Xl



Figure 4.36.

Figure 4.37.

Figure 4.38.

Figure 4.39.

Figure 4.40.

Figure 4.41.

Figure 4.42.

Figure 4.43.

Figure 4.44.

incremental values are [<Wms>/U]min=0.025, and A[<wms>/U]=

0.025 reSPECLIVEIY. ....oveeiii e

Patterns of time-averaged components of rms of vertical velocity,
<Wms>/U in plan-view plane for the angle of attack a=35° and
yaw angle within the range of 0°<B<20°. Minimum and

incremental values are [<Wms>/U]min=0.02, and A[<wyns>/U]=

0.02 FESPECHIVEIY. ..ecveecieeiee et

Spectra S, of velocity fluctuations at selected locations, on

<Ums>/U at angle of attack a=25° and yaw angles =0° and $=20°.

Spectra S, of velocity fluctuations at selected locations, on

<Urms>/U at angle of attack 0=30° and yaw angles f=0° and =20°.

Spectra S, of velocity fluctuations at selected locations, on

<Ums>/U at angle of attack a=35° and yaw angles =0° and $=20°.

Contours of Reynolds normal stress <u'u’>/U? in plan-view plane
for angle of attack a=25° and yaw angle within the range of

0°<p<20°. Minimum and maximum values, [<u'u">/U?]in=0.025

and A[<u'u>/U]=0.025 respectively........cccovriiiiiiiniiiiiicicice,

Contours of Reynolds normal stress <u'u’>/U? in plan-view plane
for angle of attack a=30° and yaw angle within the range of

0°<p<20°. Minimum and maximum values, [<u'u">/U%]nin=0.02

and A[<u'u">/U?]=0.02 reSPeCtiVely. .........coevrrrirreererreresresseseneons

Contours of Reynolds normal stress <u'u’>/U? in plan-view plane
for angle of attack a=35° and yaw angle within the range of

0°<p<20°. Minimum and maximum values, [<u'u">/U%]nin=0.01

and A[<u'u">/U?]=0.01 reSPeCtiVelY. .......cccoverrrrrreererreeesrsreeenenn,

Contours of Reynolds normal stress <v'v">/U? in plan-view plane
for angle of attack a=25° and yaw angle within the range of

0°<p<20°. Minimum and maximum values, [<v'v'">/U%]nin=0.02

and A[<v'v'>/U?]=0.02 reSPeCtiVely. ..........coccvrrrirrrverrerreresresrsneneons

Time-averaged contours of Reynolds normal stress <v'v’>/U? in

plan-view plane for angle of attack a=30° and yaw angle within

X1

.103

.104

.106

.107

.108

112

113

114



range of the 0°<B<20°. Minimum and maximum values,
[<v'v'>/U%]min=0.01and A[<v'v’>/U?]=0.01 respectively
Figure 4.45. Time-averaged contours of Reynolds normal stress <v'v’>/U? in
plan-view plane for angle of attack a=35° and yaw angle within
the range of 0°<B<20°. Minimum and maximum values,
[<V'V">/U?]min=0.0025 and A[<v'v">/U?*]=0.0025 respectively
Figure 4.46. Contours of Reynolds normal stress <w'w’>/U? in plan-view plane
for angle of attack a=25° and yaw angle within the range of
0°<p<20°. Minimum and maximum values, [<w'w>/U%]min=0.025
and A[<w'w'>/U?]=0.025 reSpectively. ..........ccooovverrerrrnresesererennenn. 117
Figure 4.47. Contours of Reynolds normal stress <w'w’>/U? in plan-view plane
for angle of attack a=30° and yaw angle within the range of
0°<p<20°. Minimum and maximum values, [<W’W’>/U2]min:0.02
and A[<w'w'>/U?]=0.02 reSPectiVely. .......ccccovvrvreereeeersrsrseeenenn. 118
Figure 4.48. Contours of Reynolds normal stress <w'w’>/U? in plan-view plane
for angle of attack a=35° and yaw angle within the range of
0°<p<20°. Minimum and maximum values, [<w'w">/U%]in=0.015
and A[<w'w>/U?]=0.015 reSpectively. .........cccooovvererrrnrsesrrerennenn. 119
Figure 4.49. Time-averaged contours of Reynolds stress <u'v’>/U? in plan-view
plane for angle of attack a=25° and yaw angle within the range of
0°<B<20°. Minimum and maximum values, [<u'v '>/U2]min:0.001
and A[<u'v'>/U?]=0.004 reSpectively. ...........coccovvrverererrernrsrreresnens. 120
Figure 4.50. Contours of Reynolds stress <u’v’>/U? in plan-view plane for angle
of attack 0=30° and yaw angle within the range of 0°<p<20°.
Minimum and maximum values, [<u'v '>/U2]min:0.003 and
A[<u'v'>/U?]=0.004 reSPECiVElY. ......ovevereeeeereeseeeeeeeeee e, 121
Figure 4.51. Time-averaged contours of Reynolds stress <u'v’>/U? in plan-view
plane for angle of attack a=35° and yaw angle within the range of
0°<B<20°. Minimum and maximum values, [<u'v '>/U2]min:0.002
and A[<u'v'>/U?]=0.003 reSpectively. ...........cocovvrreerreerrnrseesrrnrnnenn. 122

XV



Figure 4.52.

Figure 4.53.

Figure 4.54.

Figure 4.55.

Figure 4.56.

Figure 4.57.

Figure 4.58.

Figure 4.59.

Figure 4.60.

Contours of turbulence kinetic energy <TKE>/U? in plan-view

plane for angle of attack 0=25° and yaw angle within the range of
0°<p<20°. Minimum and maximum value of [<TKE/U?|min= 0.02

and [<TKE/U?]= 0.02 reSPeCtiVelY. ......o.oveeeeeeeeeeeeeeeeeeeeeeseeeeeeeene. 123
Contours of turbulence kinetic energy <TKE>/U? in plan-view

plane for angle of attack 0=30° and yaw angle within the range of
0°<p<20°. Minimum and maximum value of [<TKE/U?]nin= 0.015

and [<TKE/U?]= 0.015 reSPeCtiVely. ........oveveveveeeeereeeeeeseseseeeeene. 124
Contours of turbulence kinetic energy <TKE>/U? in plan-view

plane for angle of attack 0=35° and yaw angle within the range of
0°<p<20°. Minimum and maximum value of [<TKE/U?]min= 0.02

and [<TKE/U?]= 0.02 reSPeCtiVelY. ........oveeeeeeeeeeeeeeeeeceeeeeeeseeeeeneene. 125
Patterns of time-averaged velocity vectors, <V> in side-view plane

for angle of attack, 0o=30° and yaw angles within the range of

0PSBE20%, civeoeveeeveeeeeeeeeeees e eeseeees e ee s ee s s e s e 128
Patterns of time-averaged velocity vectors, <V> in side-view plane

for angle of attack a=35° and yaw angles within the range of

e (OO 129
Patterns of time-averaged streamline <¥> in side-view plane for

angle of attack a=30° and yaw angles within the range of

e (OO 130
Patterns of time-averaged streamline, <¥> in side-view plane for

angle of attack a=35° and yaw angles within the range of

0PSBE20%, covvoeveeeeveeeeeeeeeeees e ee s ees e ee s ee s s e s e 131
Contours of time-averaged vorticity, <®> in side-view plane for

angle of attack a=30° and yaw angles within the range of

0°<B<20°. Minimum and incremental values are [<®>]nin=1 and

Contours of time-averaged vorticity, <®> in side-view plane for

angle of attack a=35° and yaw angles within the range of

XV



0°<B<20°. Minimum and incremental values are [<®>]nin=1 and

Figure 4.61. Contours of time-averaged streamwise velocity, <u>/U component
in side-view plane for angle of attack 0=30° and yaw angle within
the range of 0°<p<20°. Minimum and incremental values are;
[<U>/U]min=0.1 and A[<US/U]=0.1. .c.ocvoviiiiiiieceecees e, 136
Figure 4.62. Contours of time-averaged streamwise velocity component, <u>/U
in side-view plane for angle of attack of 0=35° and yaw angles
within the range of 0°<<20°. Minimum and incremental values
are [<u>/U]min=0.1 and A[<u>/U]=0.1 respectively
Figure 4.63. Contours of time-averaged transverse velocity component, <w>/U
in side-view plane for angle of attack 0=30° and yaw angles
within the range of 0°<p<20°. Minimum and incremental values,
[<W>/U]nin=0.01 and A[<w>/U]=0.02 respectively. ..........cc.cccervru... 138
Figure 4.64. Contours of time-averaged transverse velocity component, <w>/U
in side-view plane for angle of attack of a=35° and yaw angles
within the range of 0°<<20°. Minimum and incremental values
are [<w>/U]min=0.02 and A[<w>/U]=0.02 respectively. .................... 139
Figure 4.65. Contours of rms of streamwise velocity component, <ums>/U in
side-view plane for angle of attack a=30° and yaw angles within
the range of 0°<p<20°. Minimum and incremental values are
[<Ums>/U]min=0.02 and A[<ums>/U]=0.02 respectively
Figure 4.66. Contours of rms of streamwise velocity component, <uyms>/U in
side-view plane for angle of attack a=35° and yaw angles within
the range of 0°<B<20°. Minimum and incremental values are
[<Ums>/U]min=0.01and A[<umms>/U]=0.03 respectively
Figure 4.67. Contours of rms of vertical velocity component, <wms>/U in side-
view plane for angle of attack a=30° and yaw angles within the

range of 0°<B<20°. Minimum and incremental values are

[<Wims>/U]min=0.01 and A[<wms>/U]=0.01 respectively. .................. 143

XVI



Figure 4.68.

Figure 4.69.

Figure 4.70.

Figure 4.71.

Figure 4.72.

Figure 4.73.

Figure 4.74.

Figure 4.75.

Figure 4.76.

Figure 4.77.

Contours of rms of vertical velocity component, <wms>/U in side-

view plane for angle of attack a=35° and yaw angles within the

range of 0°<B<20°. Minimum and incremental values are
[<Wrms>/U]min=0.01 and A[<wmns>/U]=0.01 respectively................... 144
Distributions of pressure coefficient, (-C,) over surface of the delta
wing at x/c 0.2 at an angle of attack, a=25° and yaw angles within

the range 0f 0°<B<20°...iniiiieiecc e 147
Distributions pressure coefficient, -C,, over surface of the delta

wing at x/c 0.3 at an angle of attack, 0=25° and yaw angles within

the range Of 0°<PB<20°....ovciiieieee e 147
Distributions of pressure coefficient, -C,, over surface of the delta

wing at x/c 0.5 at angle of attack, a=25° and yaw angles within the
raNge OF 0°<SP<20°. ... 148
Distributions of pressure coefficient, -C,, over surface of the delta

wing at x/c 0.7 at an angle of attack, 0=25° and yaw angles within

the range 0f 0°<B<20°...inviiie e 148
Distributions of pressure coefficient, -C,, over surface of the delta

wing at x/c 0.9 at angle of attack, 0=25° and yaw angles within the
range Of 0°<PB<20°. e 149
Distributions of pressure coefficient, -C,, over surface of the delta

wing at x/c 0.2 at an angle of attack, a=30° and yaw angles within

the range Of 0°<PB<20°....ovciieeeee e 149
Distributions of pressure coefficient, -C,, over surface of the delta

wing at x/c 0.3at an angle of attack, 0=30° and yaw angles within

the range 0f 0°<PB<20°....oiciiiieecee e 150
Distributions of pressure coefficient, -C,, over surface of the delta

wing at x/c 0.5 at an angle of attack, 0=30° and yaw angles within

the range 0f 0°<B<20°. ..o 150
Distributions of pressure coefficient, -C,, over surface of the delta

wing at x/c 0.7 at an angle of attack, 0=30° and yaw angles within

the range 0f 0°<B<20°...inviiieiee e 151



Figure 4.78.

Figure 4.79.

Figure 4.80.

Figure 4.81.

Figure 4.82.

Figure 4.83.

Distributions of pressure coefficient, -C, distribution over surface

of the delta wing at x/c 0.9 at an angle of attack, a=30° and yaw

angles within the range of 0°<B<20°. ......cccocevieveeie e 151
Distributions of pressure coefficient, -C, distribution over surface

of the delta wing at x/c 0.2 at an angle of attack, a=35° and yaw

angles within the range of 0°<B<20°. .....ccocviiviiieieee e 152
Distributions of pressure coefficient, -C, distribution over surface

of the delta wing at x/c 0.3 at an angle of attack, a=35° and yaw

angles within the range of 0°<B<20°. .....ccoocviiviiiieiieee e 152
Distributions pressure coefficient, -C,, over surface of the delta

wing at x/c 0.5 at an angle of attack, 0=35° and yaw angles within

the range 0f 0°<B<20°. ..iniiiiiice e 153
Distributions pressure coefficient, -C,, distribution over surface of

the delta wing at x/c 0.7 at an angle of attack, 0=35° and yaw

angles within the range of 0°<B<20°. ......cccoceviveveeie s 153
Distributions of pressure coefficient, -C, distribution over surface

of the delta wing at x/c 0.9 at an angle of attack, a=35° and yaw

angles within the range of 0°<B<20°. ......ccccoovivereriienene e 154

XVIII



XIX



NOMENCLATURE

min
X, Y, Z
Re

St

TKE

Tu

u, v, w
U

\%
Acronyms
CCD
CTA
DAQ
FOV
Nd:YAG

: Area (m?)

: Aspect ratio

: Blockage ratio

: Chord (m)

: Coefficient

: Drag Force (N)

: Frequency (Hz)

: Force (N)

: Height of the tunnel test section or water level (m)
: Length or Lift (m or N)

: Maximum

: Minimum

: Streamwise, transverse and vertical coordinate directions
: Reynolds number

: Span (m)

: Strouhal number

: Time (S)

: Temperature or Torque (°C or N-m)

: Turbulent kinetic energy

: Turbulence intensity

. Streamwise, transverse and vertical components of velocity (m/s)
. Freestream velocity (m/s)

- Vector

: Charge Coupled Device

: Constant Temperature Anemometry
: Data Acquisition

: Field Of View

: Neodymium-doped Yttrium Aluminum Garnet

XX



PIV
RMS
SPIV
Operators
<.>

[...]
Greek symbols

e & < T T > D> =< = R

Superscripts

: Particle Image Velocimetry
: Root-Mean-Square

. Stereoscopic PIV

: Time-averaged

. Magnitude

: Angle of attack (°)

: Yaw angle (°)

: Scheimflug angle (°)

: Difference in the value of a physical quantity
: Roll angle (°)

: Wavelength (m)

. Viscosity of fluid (kg/m/s)

: Density of fluid (kg/m®)

: Kinematic viscosity of fluid (m?/s)
: Amplitude of wave (m)

- Vorticity (1/s)

: Fluctuating component

XXI



1. INTRODUCTION flyas KARASU

1. INTRODUCTION

Especially wings used in high speed aircraft have similar shape with Greek
letter A. For this reason, these types of wings are called delta wing. Contrary to
classical aircrafts, fuselage and wings can be together and these types wings are
defined as flying wings. Delta wings are advantageous in both structural and
aerodynamics perspectives. After World War Il delta wings have gained increasing
popularity, they have been being used for combat aircrafts, bombardment aircrafts
and unmanned aircrafts technologies. Recent Advancements in the design of delta
wings lead them to reach higher angles of attack, high maneuverability, higher
stealth capability and superior aerodynamic performance at high speeds. In addition,
they have a lower cross-section areas and more stiff structures.

Figure 1.1. Eamples of delta wing aircrafts (Wikipedia, 2015).
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Figure 1.1 shows different types of delta wing aircrafts used ; B-2 Spirit (a)
is stealth bomber, F-16 XL (b) is a fighter jet, F-35 (c) is the one of the newest jet
fighter, Su T-50 (d) is still-continuing to test jet, X-47A (e) and X-47B (f) unmanned
jets (Wikipedia, 2015). In addition these current delta wing projects, there is hybrid
project that NASA and Boeing collaboration’s blended wing body which combines
delta and classical aircrafts to reduce fuel consumption by means of reducing drag
force caused by aircraft shape.(NASA, 2015).

Figure 1.2. Blended Wing,X-48B (NASA,2015).

Figure 1.3 shows important definitions of a typical delta wing. Sweep angle
(A) can be defined as an angle between leading edge and trailing edge. The most
important parameter of delta wing geometry is sweep angle, A, because delta wings
are classified with this parameter. If sweep angle, A is equal or greater than 65°, the
delta wing is called slender delta wing, otherwise it is called non-slender delta wing
(Munro et al., 2005). Bevel angle can be defined as angle of leading edge according

to upper surface of the delta wing. Instead of beveling, leading edge can be fillet too.
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Sweep Angle

Leading Edge Chord

Bevel Angle

\;— Trailing Edge ——*

Figure 1.3. Geometry of a delta wing.

A 4

Delta wings may have different configurations such as double delta, cropped
delta wing, compound delta wing, cranked delta wing, ogival delta wing, lamda delta

wing, diamond delta wing as shown in figure 1.4.

N N

a) Tailless delta (b) Tailed delta (¢) Cropped delta  (d) Compound delta  (e) Cranked arrow (f) Ogival delta (g) Lambda delta
Flgure 1.4. Some of the delta wing planforms (Pevit and Alam, 2014).

The flow structure of a delta wing consists of two counter-rotating leading
edge vortices. Separated flow from the leading edge form a curved free shear layer
rolling up into a core (Gursul et al., 2007). Earnshaw (1962) showed that leading
edge vortexes of a delta wing could be divided to 3 different regions; vortex core,
viscous sub-core and outside of vortex core (free shear layer). Figure 1.5 shows flow

structure over a delta wing.
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Figure 1.5. Sketch of flow over delta wings (Anderson, 1991).

The leading edge vortices induce a flow in the spanwise direction the upper
surface and this outward flow separates from the surface forming a smaller
secondary vortex outboard and below primary vortex (Nelson and Pelletier, 2003).
Leading edge vortices in a fully developed stable stage cause extra lift and increase
maximum angle of attack, o (stall angle) and this improves maneuver capabilities of
aircraft (Breitsamter, 2008). As angle of attack, o of the delta wing is increased,
leading edge vortices expand suddenly and this is called vortex breakdown or vortex
bursting (Gursul et al., 2005). Vortex breakdown can be defined as; sudden
deceleration of in axial velocity, formation of a small recirculatory flow region, a
decrease in the circumferential velocity and increase in size of the vortex and
bursting of the vortex (Payne and Nelson, 1986).

Vortex breakdown location depends on some parameters such as, sweep
angle, A of the wing, angle of attack, a, sideslip (yaw) angle, B, roll angle, 6, the
Reynolds number, Re, thickness of the wings, t and shape of the wing etc. (Nelson
and Pelletier, 2003). The most important parameters on vortex breakdown are sweep
angle, A of the wing and angle of attack, a and the Reynolds number, Re for non-
slender wings. When angle of attack, a is increased vortex location moves upstream,

when sweep angle, A decreases vortex breakdown location moves upstream too.
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Figure 1.6 demonstrates vortex breakdown over a F-18 aircraft at angles of attack
a=20° and 0=42°.

Vortex breakdown causes changes in lateral and longitudinal forces, moments
and stability derivates since vortex breakdown near apex leads decline in lift force,
FL (Nelson and Pelletier, 2003). Vortex breakdown is a limiting parameter of
aerodynamic of the delta wing because it causes some adverse effects such as
decreasing of the lift and pitching moment (Gursul et al., 2005). If the angle of
attack, a increases extensively, this leads to asymmetric shedding of the vortices into
the flow and this vortex shedding produces asymmetric distribution of lift force, F
that leads to develop wing rock. Due to the roll and yaw coupled oscillations of these
unbalanced forces; delta wings can encounter nose slicing and loss of control as well
(Walker, 2011).

Figure 1.6. Vortex breakdown over NASA’s F-18 aircraft at angle of attack 0=20°
and 42° (Gortz, 2005).
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Vortex structure and breakdown can be visualized in a tube in which fluid can
be swirled. However there are different types of vortex breakdown in the nature
spiral and bubble types breakdown seen on the delta wings (Nelson and Pelletier,
2003). Figure 1.7 shows main vortex breakdown types; spiral, bubble and double
helix type vortex breakdown. While one of the vortex breakdown is spiral the other
one can be bubble type as seen figure 1.8. Vortex breakdown is an unsteady event so
one can’t talk about a stationary vortex breakdown location but it fluctuates over a
mean value (Mitchel et al. 2000).

C

Figure 1.7. Types of common vortex bfeakdown: spiral (a), bubble (b) and double
helix (c) breakdown types (Sarpkaya, 1971).
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Figure 1.8. Spiral and bubble ortex breakdown over a flat plate delta wing
(Lambourne and Bryer ,1961).
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2. PREVIOUS STUDIES
2.1. Structure of Vortical Flow over Delta Wings

Earnshaw (1962) indicated that leading edge vortices of a delta wing could be
divided into 3 different regions; vortex core, viscous sub-core and outside of vortex
core (free shear-layer). Nelson and Visser (1990) performed an experimental
investigation on the vorticity in breakdown phenomena. They concluded that
spanwise vorticity distributions based on a single traverse through the core of the
vortex was scaled with the local geometry in the pre-breakdown state and the
vorticity distribution was severely altered as the vortex breakdown took place and
appeared to indicate that there was vorticity distribution with maximum magnitude
that may occur in the region just preceding the vortex breakdown location. Moreover
maximum azimuthal vorticity also maintained more or less constant value in the
leading edge vortex before upstream of vortex breakdown, but it becomes negative
upon entering the breakdown zone. Gursul (1994) performed an experimental survey
to investigate unsteady flow over 60°-75° delta wings at Reynolds numbers 2.5x10°%-
1x10° using surface pressure measurement, velocity measurement and smoke
visualizations in wind tunnel. Some of his findings; if the vortex breakdown took
place over the delta wing comprehensive pressure fluctuations were detected;
instability of the wake flow of breakdown leaded these fluctuations. Another
important finding is that; unsteady loading on the delta wing is as a result of the
helical mode instability not vortex shedding and however effect of the vortex
shedding on pressure fluctuations was negligible, in the wake comprehensible
velocity oscillations were detected. Figure 2.1 shows variation of dimensionless
frequency fc/U as a function of streamwise distance, x/c and angle of attack, o
obtained from this survey. Honkan and Andreopoulus (1995) conducted on
experimental study to investigate flow structures over delta wing having 45° sweep
angle, A. They concluded that vorticity reached a maximum value in primary vortex
where velocity was 1.3U and hence a secondary vortex was formed. Turbulent

activities occurred along the shear layer over delta wing, peaks of vorticity and
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velocity fluctuations took place low speed side of the shear layer close to the vortex

core.
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Figure 2.1. Variation of dimensionless frequency fc/U as a function of streamwise
distance, x/c and angle of attack, o. (Gursul (1994).

Gad el-Hak and Blcakwelder (1985) conducted an experimental survey over 2
delta wings with 45° sweep angle, A having NACAO0012 profile in spanwise and flat
plate 60° sweep angle, A. In this survey, important findings can be summarized as;
frequency, fs of shedding near leading edge is independent of sweep angle, A and
leading edge shape, at constant free-stream velocity, if the angle of attack, a was
increased the shedding frequency, fs decreased and ant constant angle of attack, a the
shedding frequency, fs was proportional to square root of the free-stream velocity.
Redinioits et al. (1993) performed an experimental survey over a delta wing with 76°
sweep angle, A at very high angles of attack (30°<a<90°) at moderate Reynolds
numbers. They demonstrated that , up to angle of attack, o of 35°, breakdown of
leading edge vortices took place outside of the delta wing, when angles of attack vary
with the range of 35°<0<70° leading edge vortices shed simultaneously, however
a>70° a second type of vortex shedding having higher frequency were detected. This
vortex shedding occurred near the trailing edge of the delta wing then spread out as
an angle of attack increased further more shedding frequency was depended on the
angle of attack and nonlinear dependence were detected. Shih and Ding (1996)

performed an experimental survey to investigate flow structures of delta wings

10
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having 75° and 60° sweep angle at low Reynolds numbers (9,000 and 9,800) via dye
visualisations and PIV experiments in towing tank. They concluded that a quasi-
periodic shedding of Kelvin-Helmholtz (K-H) eddies occurred from separated shear
layer and this shedding was related with interaction of the primary vortex and delta
wing and eruption of secondary vortices. While delta wing/vortex interaction played
important role for 60° sweep angle delta wing, for 75° delta wing this interaction was
not very important on vortex development. Alsayed at al. (2007) performed an
experimental survey to investigate flow structure over 76° sweep angle, A delta wing
at Reynolds numbers 0.2x10° and 0.6x10° using dye visualization and the stereo PIV
technique. They concluded that due to interaction of primary and secondary vortices
in the free shear layer co-rotating substructures took place. Quite unsteady flow was
observed on the rear section of the delta wing and this unsteadiness could be related
with the Reynolds number. Gursul and Xie (2000) performed an experimental survey
over the A=75° delta wing to investigate origin of the vortex wandering. They
concluded that at low the Reynolds number, Re rms of swirl velocity in the vortex
core lower as shear-layer does not exhibit Kelvin-Helmholtz instability but after a
critical Reynolds number, Re shear-layer was dominated the vortical flow structures
due to Kelvin-Helmholtz instability, so it can be concluded that after a critical value
of Reynolds number, Re, Kelvin-Helmholtz instability has certain effects on vortex
wandering. Ozgeren et al. (2002) conducted an experimental study to investigate
flow over slender delta wings at high angles of attack, o via PIV. They defined the
existence of three different vorticity concentrations. First of them was concentrations
of azimuthal vorticity because of a centrifugal instability of vortices which have
comparatively lower values of wavelength and circulation. Second concentrations
occurred due to vortex breakdown and had significantly higher values of circulation
and wavelength and they were related with the classical helical mode instability. The
last concentrations were due to an unsteady instability from the leading-edge, it had
moderate circulation and relatively large values of wavelength, and they arise from
reorientation of the unsteady layer of vorticity shed from the leading edge.

When vortex breakdown takes place on the wing surface, pressure difference

of suction and pressure side of the delta wing decreases because extra pressure
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decrease due to vortex decreases. When vortex breakdown starts to take place over
de the delta wing, if the angle of attack is increased more lift goes on increasing but
slope of the increase decreases. If the angle of attack was increased more vortex
breakdown takes place on the apex and stall finally (Nelson and Pelletier, 2003).

Figure 2.2 summarizes flow structure over a delta wing.

a
N z
» ¥ ¢ U“ A 0
s Attachment ¥ U,
line of primary
—— Primary vortex
5 Il :
11 s/ M
t L A Secondary
¥ [ g e f vortex
z sz fg 1| - Rotational core
W : : L~ \iscous cone
[ E— ’
- : | -Suctian | Vortex induced
p-p.<0 peak velocities
I
dpldy >0
p=p.>0 Y
Sectional pressure distribution
b

Vorex bursiing:
Sudden expansion of
vortex core flow

L2 gy ¥
| X

r

Jet-type core flow: Wil .
Divergeant

] vortex core radius

Recompression at

Wake—type cora llaw: W, trailing-edge area

Figure 2.2. Flow over delta wing (Breitsamter, 2012)

2.2.Parameters Affecting Vortex Breakdown

Main parameter affecting vortex breakdown location over a delta wing are;
sweep angle A, Reynolds number, Re, angle of attack, a, thickness/chord, t/c ratio of
the delta wing, leading edge shape, yaw (sideslip) angle, B, roll angle, ¢ (Nelson and
Pelletier, 2003). The necessary information about angles of attack, a have provided
in earlier section of the text.
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2.2.1. Sweep angle

Payne and Nelson (1986) conducted an experimental survey over delta wings
with different sweep angles, A. In this survey, LDA (Laser Doppler Anemometry)
and smoke flow visualization were used to determine vortex breakdown
characteristics. They found that, when sweep angle, A was increased, the location of
vortex breakdown moved aft of the delta wing, and velocity of the vortex core could
reach up to 3 times of the free-stream velocity, so behaved jet-like flow and after
breakdown velocity breakdown became wake-like flow. Payne et al. (1988)
performed an experimental survey to investigate vortical flow over delta wings
having 70°, 75°, 80° and 85° sweep angles, A. They stated that at constant angle
breakdown point moved aft when the sweep angle, A increased, especially with delta
wings having high sweep angle, A vortex breakdown location oscillated in a large
distance, bubble and spiral type of breakdown and transformation of these each other
were observed moreover flow behaved jet-like in pre-breakdown region but it
behaved as a wake-like in post-breakdown location. Figure 2.3. shows effect of the

sweep angle, A, on vortex breakdown location over slender delta wings.
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Figure 2.3. Effect of the sweep angle, A, on vortex breakdown location over slender
delta wings (Payne and Nelson (1986).
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2.2.2. Reynolds Number

Lee et al. (1989) performed an experimental study about a delta wing
response of steady and unsteady flow. They showed that since separated leading edge
vortices controlled by inviscid shear layer dynamics; viscosity does not play an
important role in delta wing aerodynamics. They compared the coefficient of lift, C_
of this survey based on the Reynolds number, Re=2.3 x 10* with another
experimental investigation which was performed at the Reynolds number Re=6 x 10°
and they found that experimental results for different Reynolds numbers, Re had very
close values at same angle of attacks, a. Furthermore, the locations of vortex
breakdown were also compared and found that locations are not the same but
difference were not significant for these two different experimental works based on
two different Reynolds numbers, Re. Figure 2.4 shows steady lift coefficients, C
variation with angle of attack at different Reynolds numbers .Erickson (1981)
performed experiments in water tunnel for determining vortex core trajectory and
core stability characteristics obtained on different delta wings having sweep angles,
A ranging from 60° to 80°. Experimental results showed that flow of at high of
angels of attack slender delta wing having sharp leading edge, thin and flat structure
was independent of Reynolds number so water channel experiments could be used to
investigate flow structure because in these circumstances potential flow were

dominant.
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Figure 2.4. Steady lift coefficients, C, versus angle of attack at different Reynolds
numbers (Lee et al. 1987).
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Coton et al. (2008) investigated the flow structure over delta wings with 65°
sweep angle, A having sharp and rounded leading edges at Reynolds numbers,
Re=1x10° and Re=2x10° via flow visualisation and force measurements. They
concluded that when leading edge was rounded, flow topology and forces were
dependent on the Reynolds number however at higher angles of attack, a this
dependency was less, but on pitching moment and tangential force Reynolds number
has important influence. Traub et al. (1998) conducted an experimental survey to
investigate aerodynamics characteristics of 60° and 70° sweep angles delta wings at
Reynolds numbers ranging 20.000 to 60.000. Pressure taps on the 60° sweep angle
delta wing were placed along the 60% of the delta wing. Results revealed that the
Reynolds number in this range did not play important role on lift coefficient C,, but
with increased Reynolds numbers maximum C_ and stall angle were increased. For
60° sweep angle delta wing, the Reynolds number had effect on vortex trajectory and
pressure distributions but these variations were gradual. Figure 2.5 shows effect of
the Reynolds number, Re on the pressure coefficient, C, of the 60° sweep angle delta

wing used in the investigation.

20—

o Vo

=

N

% 1.2

O e

g

= JE—

o o088

ﬁ " Poat &5 , Anghe of Attack = 10 dig.

(- -\\ Poat # | Angle of Attack = 10 deg.

Z 0.4 “x._‘_H..- [Poat &% , Anghe of Attack = 30 deg.
ﬂﬂ L | 1 | 1 |

20 30 40 50

Reynolds MNumber [ 1000
Figure 2.5. Effect of the Reynolds number on the pressure coefficient, C, of the 60°
sweep angle delta wing (Traub et al 1998).

15



2. PREVIOUS STUDIES flyas KARASU

2.2.3. Wing Shape

Kawazoe et al. (1994) conducted an experimental survey to investigate effect
of thickness of delta wing on flow structures over delta wings with 45° sweep angle,
A having 20 mm and 6 mm thickness. Their conclusion can be summarized as; for
the thin and thick delta wings strongest vortex is observed at angles of attack, o of
15°, at 5°, but, angle of attack, o on the lower surface of the thick delta wing flow
separated and reattached just as laminar separation bubble, stall angle was found as
25° for the thick delta wing but for the thin delta wing the stall angle was lower than
25° furthermore, due to spreading wider area leading edge vortices of thin delta
wing, they collided each other at lower angles of attack, o causing early stall. Figure
2.6 shows effect of the t/c on C., Cp and L/D. Roosenboom et al. (2012) performed
and experimental investigation over the static and pitching modified delta wing used
for unmanned combat air vehicle (UCAV) using stereo PIV. Static experiments
revealed patterns of the 3-D structure of the flow over the delta wing having apex
vortex, thickness-caused vortex and tip vortex which are depended on angles of
attack, a as shown in figure 2.7. Although low pitch amplitude had minor influence
flow topology especially when passing dead regions of motions, high pitch-
amplitude had strong influence on strength and size of the vortices in all phase of the

pitching motion.
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Figure 2.6. Effect of the thickness of the nonslender delta wing on C, Cp and L/D
Kawazoe at al.(1994)
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) Yorticity distribution

Figure 2.7. Flow structure over a UCAV model (Roosenboom et al. 2012).

Wang and Tu (2010) performed an experimental survey over cropped delta
wing modified rectangular planform. They concluded that when A=0° (rectangular
planform) a spanwise vortex was dominant, for the cropped delta wing having the
sweep angle as A>26° dual vortices were observed in a range of angles of attack,
this dual vortices were visible at relatively low angles of attack, when A>56 with
increasing sweep angle, A vortices were visible in a wider range of angles of attack,
a. Furthermore vortex breakdown of primary vortex took place later than the outer
vortex.Verhagen (2010) performed and experimental investigation over 50°
nonslender delta wing to investigate effects of leading edge shape and the Reynolds
number on the aerodynamic characteristics of delta wings. He concluded that larger
leading edge radius reduces the size and strength of the primary vortex and this
vortex moved outboard and closer to the wing and larger leading edge radius delayed
the outward secondary separation line and this caused delay of vortex breakdown. He
also found that leading edge geometry has influence in level and slope of force, but,

the Reynolds number, Re has small influence. Furman and Breitsamter (2013)
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performed an experimental survey over 65° using oil flow visualization, SPIV, laser
sheet flow visualization, surface pressure measurement and hot wire anemometry at
different angles of attack, a and at Reynolds numbers Re=0.5x10° and Re=2x10°. In
this survey they concluded that for medium angle of attack, a flow structure over
straight edged delta wing depends on the Reynolds number, Re and an extra inboard
vortex which is stronger for rounded leading edge than sharp leading edge occurred.
Yaniktepe and Rockwell (2005) investigated flow structure of lambda and diamond
delta wing planforms. They showed that different flow structures than simple delta
wing were seen at these planforms. Streamline topology shows that for these
planforms angle of attack, a has strong effect on flow structure of these planforms
moreover trailing edge configuration also have effect of on the flow structure. One of
the important finding of this work is contours of rms velocity fluctuation nearby
wing planfom have maximum points on the outer regions of the vorticity layers.

Spectral analysis obtained from instantaneous images is given in figure 2.8.
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Figure 2.8. Spectra S(f) of the vertical velocity fluctuations on different delta wing
planforms(Yaniktepe and Rockwell, 2005).
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Woodiga and Liu (2009) conducted on an experimental study to investigate
skin friction fields on different delta wing configuration at different flight conditions.
For the 65° delta wing, when the angle of attack, a is set below 15° no breakdown
was observed but as the angle of attack, o was increased lines of reattachment, Lg
moved inboard, when the angle of attack, o is set above 15° vortex breakdown was
observed and in breakdown location reattachment line, Lg expanded and moved
outboard. Whereas for the baseline 76°/40° double delta wing configuration highly
curved reattachment lines, Lg and having angles of attach values above 15° spirals
vortices near junctions were observed, for the diamond and parabolic fillet
configurations rather straight reattachment lines, Lr were observed and no apparent
spiral vortices near junction were observed. Figures 2.9 shows skin friction lines on
65° delta wing and figure 2.10 shows skin friction lines on 76°/40° delta wing.

(b} (d)
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Figure 2.10. Skin friction lines on 76°/40° delta wing (Woodiga and Liu, 2009).
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2.2.4. Roll Angle

The experimental results of Taylor at al. (2003) revealed that vortical flow
structure and location of the vortex breakdown over low sweep angle, A delta wing
was highly depended on the Reynolds number. As shown Figure 2.10 at low roll
angle, effect of the roll angle, ¢ on vortex breakdown location was not so significant
but at high angles of attack, a especially at leeward side was considerable. Large
fluctuations of the vortex breakdown were originated from unsteadiness of the flow
at low Reynolds numbers. At low Reynolds numbers weak vortical structure was
observed. Cipolla and Rockwell (1998) conducted an experimental work to
investigate flow structure of a rolling of 65° sweep angled, A delta wing having
cylindrical centerbody. Flow structure in cross plane was investigated by means of
PIV. Experiments revealed vortex breakdown location and flow topology that could
change with self-excited excursions. Transformations could take place in streamline
or vorticity independently. Furthermore coupling of leading edge vortices took place

as shown figure 2.12.
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Figure 2.11. Effect of roll angle (¢) on vortex breakdown locations of 50° sweep
angle (A) delta wing at the Reynolds number of 26.700 at different
angles of attack (o)) Taylor et al. (2003).
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Figure 2.12. Streamlih'é and'vorticity patterns of unrolled and rolled delta wing
(Cipolla and Rockwell 1998).

2.2.5. Yaw Angle

Johnson et al. (1980) performed and experimental investigation about effect
of yaw angle, 6 on a delta wing having 70° sweep angle, A. They stated that a
fundamental difference in the variation of the lift coefficient C_ and rolling-moment
coefficient Cy with the angle of yaw, B between low and high angle-of-attack
conditions. Furthermore, at low angles of attack,o the lift coefficient, C_ showed a
small decrease with increasing yaw angle, B while at higher angles of attack, a this
coefficient initially decreased strongly and then more gradually with having yaw
angle, B. They also concluded that Cy shows a linear variation with increased yaw
angle, 0 at a low angle of attack, o but a strong non-linear variation with yaw angle,
B at a high angle of attack, a. Yayla et al. (2010) performed an experimental
investigation over a nonslender diamond wing which has 40° sweep angle. They
investigated effect of yaw angle on vortex breakdown by using the dye visualization
technique. They concluded that up to 4° yaw angle, B there were no clear change on
the location of vortex breakdown, but at higher yaw attack, B than 4°, the vortex
breakdown point moved towards the leading edge on windward side, while this
location took place further downstream on leeward side namely, asymmetrical vortex
breakdown locations were seen over the delta wing in plain view plane. Canpolat et

al. (2009) investigated the flow structures on the delta-wing surface with a
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nonslender delta wing having 40° sweep angle, A. They concluded that when the
delta wing had a yaw angle, B the symmetrical flow structure disappeared; vortex
breakdown occurred earlier on the windward side of the delta wing, as compared
with the leeward side. They also found that main vortices in cross flow planes took
place in the inner side close to the central axis of the delta wing. Sohn and Chang
(2010) investigated effect of centerbody on a yawed double delta wing by using off-
surface flow visualization and wing-surface pressure measurements. They concluded
that up to 24° angle of attack, a the presence of the centerbody had a small influence
on the suction pressure distribution on the wing upper surface, even at the large yaw
angle of 0=20°. They also concluded that at higher angle of attack like 28°-32°,
presence of centerbody caused decrease in the magnitude of pressure coefficient, C,
when compared with 0° yaw angle, B. Sohn et al. (2004) performed an experimental
study about vortex flow visualization of a yawed delta wing with leading edge
extension (LEX). Interaction between LEX and delta wing were investigated at some
angle of attacks, a and yaw angles, B. They concluded that the wing vortex and the
LEX vortex coiled around each other while maintaining comparable strength and
identity when yaw angle, B was 0° and the increase of angle of attack, a intensified
the coiling and shifted the cores of the wing and LEX vortices inboard and upward.
It was also concluded that when the wing is yawed, the coiling, the merging and, the
diffusion of the wing and LEX vortices increased on the windward side, whereas
they became delayed significantly on the leeward side and movement of vortices on
the windward and leeward sides of the wing changed significantly. Some of the
results were presented in figure 2.13. Nakamura and Yamada (2002) investigated
aerodynamic characteristics of spin over a delta wing. It was reported that when the
wing was yawed, asymmetric pressure distribution over two halves of the wing took
place and this pressure difference caused different lift forces, F_ on the two sides of
the wing and finally rotation called spin. They also stated that at low angles of attack,
a when the wing had a yaw angle, B the upper surface pressures on the windward
wing-half became lower than those on the leeward wing-half but near the stall angle
the upper surface pressures of the leeward wing-half become lower than those in the

windward wing-half.
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Figure 2.13. Visualization of the \)ortiées over double delta wing with and without
yaw angle (Sohn et. Al, 2004).
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Verhaagen (1999) conducted an experimental survey to investigate of the
effect of sideslip (yaw), over a 65° delta wing having a constant angle of attack,
a=30° by using different experimental techniques. According to his results, when 3
has 0°, the flow over the delta wing is dominated by two primary and secondary
vortices, but, with yaw, B vortices were observed to move towards the leeward edge
with increasing sideslip angle, B vortex burst taken place on the windward side
moved towards the apex, the vortex burst on the other side moved in the opposite
direction. In additions, on the windward side the reduction of the suction on upper
surface was seen causing the amplitude of the oscillation of the burst along the
vortex axis to increase with yaw angle, p. Effect of yaw angle, B on pressure

distribution over a delta wing was shown in figure 2.14. Effects of sideslip (yaw
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angle, B) on the sharp edged biconvex delta wing at angle of attack, 0=21.1 degree,
Reynolds number of 2.5x10° and varying yaw angle, p from 0° to 20° were
investigated by Verhagen and Naarding (1989). They concluded that up to 12° with
yaw angle, B owing to boundary layer transition, chances the leading edge vortex
strength and location of the vortex breakdown, pressure distributions and crossflow
structure, but, at a higher yaw angle, B vortex breakdown has extra effect on the flow
structures and pressure distributions

In the investigation of Shields ad Mohseni (2012), effects of aspect ratio,
planform of wing, the low Reynolds number, Re, and sideslip (yaw) angle, B and
winglet configuration on aerodynamic characteristics were investigated. They
concluded that at increased angle of attack, a, leading edge vortices and tip vortices
coupled leading to complex flow structures which delayed separation, increased stall
angle and brought the C,_ lift coefficient to a maximum value. It was also shown that
sideslip angle, B decreased C,, increased Cp and decreased Cy furthermore sideslip

angle, B had more influence on Cy than C,_ and Cp.
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Figure 2.14. Effect of yaw (sideslip) angle on surface pressure distribution at =0°
and p=20° (Verhaagen, 1999)

Lee and Sohn (2003) conducted on an experimental study over a delta wing

with LEX (Leading Edge Devices). They concluded that leading edges devices
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(LEX) could stabilize and delayed leading edge vortex breakdown even high angles
of attack, a., sideslip (yaw) angle, B had significant in both LEX and delta wing
vortices; with sideslip, breakdown location moved forward both the LEX and delta
wings of the windward side vortices, leeward side of LEX and leading edge vortices
coiled each other and kept their identities, breakdown took place later. Jeans et al.
(2008) performed a numerical study to investigate aerodynamic characteristics of
fuselage/delta wing which can be used for unmanned aerial vehicles. In this study
delayed Detached-Eddy Simulation method were used. At 0° yaw angle,a for all
angles of attack, o lift and drag predictions were outstanding. At 30° angle of attack,
up to 5° yaw angle prediction of the rolling moment outstanding also, at 1° yaw
angle, B good prediction was also obtained nonlinear aerodynamic behaviour. In this
investigation showed that nonlinear aerodynamic characteristics was due to abrupt
vortex breakdown over windward side. Investigation showed that vortex trajectories
of 1° and 2° yaw angles, B showed minor differences. At 2° yaw angle in windward
side vortex increase in total pressure depreciation an adverse pressure gradient were
detected which are not detected on leeward side vortices at 1° and 2° yaw angles or

windward side vortex at 1° yaw angle.

2.3.Vortex Breakdown Control

2.3.1. Passive Control

Akilli et al. (2001) conducted an experimental work to investigate sensitivity
of vortex breakdown on a delta wing at high angle-of-attack, o, via placing slender
wire orthogonally to the center of the leading-edge vortex. It was reported that a
slender wire could move the onset of the vortex breakdown by as much as fifteen
vortex diameters in the upstream direction. The movement of the vortex breakdown
depended on the dimensionless diameter of the wire and place of the wire. Vortex
breakdown onset could occur either upstream or downstream of the located wire. It
was also reported that patterns of instantaneous vorticity in the presence of slender

wire typically exhibited a form characteristic of either a spiral or bubble-like mode of
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vortex breakdown that occurred in the absence of wire. Kawazoe and Kato (2006)
performed and experimental investigation over hard and flexible delta wings with
60° sweep angle, A. They concluded that at low angles of attack, A winding-up
leaded stronger leading edge vortices and higher C. and Cp but, excessive winding-
up of the leading edges causes adverse effect on the performance of the delta wing
because of weaker leading edge vortices. Cai et al. (2014) performed an experimental
and numerical investigation about effect of the vortex flap over flow structure and
aerodynamic performance over a 50° sweep angle delta wing. They concluded
however upward vortex flap increased C, because of stronger vortices at low and
moderate angles of attack, it decreased maximum C_ and stall angle at higher angles
of attack so at high angles of attack upward deflection flap was not good at
aerodynamic performance. Although downward deflected flap leaded poor
aerodynamic performance at low angles of attack, at high angles of attack it
increased the aerodynamic performance considerably. Downward deflected flap
increased the maximum angle of attack, maximum lift coefficient C_ moreover it
increased Cy even in post-stall region and optimum deflection angle was found as -

70°, figure 2.15 and 2.16 summarizes results.
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Figure 2.15. Effects of positive and negative vortex flap angles, y with experimental
C_ and Cp. (Cai et al. 2014).
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(b)
Figure 2.16. Numerical results of nondimensional streamwise velocity compononet
(Cai et al. 2014).

Goruney and Rockwell (2009) performed and experimental study to
investigate effect of the sinusoidal leading edges on the flow structure over a delta
wing having A=50° at 25° angles of attack, a at the Reynolds number, 15000. Some
of the finding can be summarized as follows. When sinusoidal leading edges were
used flow structure near surface was drastically changed if appropriate wavelength
and amplitude were chosen. For small wavelength/amplitude A/¢p values if
amplitude/chord ratio ¢ /c of the leading edges was increased focus of the separation
moved toward to leading edge, if this value was set a 0.02 % the focus of the
separation replaced with focus of attachment moreover if A/c was larger (0.08) focus

of the separation moved near apex of the delta wing.

2.3.2. Active Control

Guy et al. (1999) performed experimental surveys to investigate effect of
suction and blowing on flow over 70° delta wing via water channel and wind tunnel
experiments. They found that periodic blowing and suction delayed vortex
breakdown occurrence and increased lift force, F_ frequency of the excitation, f.
which is important ,for example, at right frequency, f vortex breakdown could be
delayed by almost 0.2 chord length. Instantaneous and time-averaged flow topologies
were investigated over delta wing having 38.7° sweep angle by Yavuz et al. (2004).
In this study, effects of pitching motion were investigated via the PIV technique at

the Reynolds number of Re=1x10*. Experiments demonstrated that critical points of
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time-averaged and instantaneous flow patterns were considerably different. Beneath
the vortex breakdown rms of the velocity fluctuations showed unsteadiness of the
flow topology. When the delta wing was pitched, significant changes on the flow
topology were detected; less critical point were detected furthermore significant
reduction in magnitude surface-normal vorticity at certain locations of the delta
wing. Timescale of the motion was also important to form critical points. Ozgoren et
al. (2001) performed an experimental investigation on a 75° sweep angle, A delta
wing. The delta wing was perturbed with low-amplitude over a low range of periods.
Experiments were conducted on both with and without impingement plate, to
determine effect of the impingement plate on the flow pattern of the delta wing.
Considerable changes of the instantaneous and averaged flow pattern of the leading-
edge vortex were detected, both with and without a downstream impingement plate.
Another main finding of this study was the onset of vortex breakdown could either
be advanced or delayed, and the modifications in structures vortices played
significant role on buffeting of the plate. In their study, one can also see that the
using the plate leaded important modifications on the vortex structures downstream
of the breakdown as shown in figure 2.17. Delay in the onset of vortex breakdown
could be provided, when the leading edge of the delta wing was perturbed at a
natural frequency of vortex breakdown as reported by Sahin et al. (2001). They also
found that onset of upstream movement of vortex breakdown could be attained when
the period of excitation frequency f. was sufficiently large. Sidorenko et al. (2013)
performed and experimental survey to control leading edge vortices of a 65° sweep
angle delta wing by means of Dielectric barrier discharge (DBD) plasma actuator.
Dielectric barrier discharge (DBD) plasma located surface of the delta wing was used
for vortex flow control; they concluded that in range of Reynolds numbers,
1.4x10°<Re<2.5x10°, not only DBD plasma delayed leading edge vortices, it could
stabilize them as well at high angles of attack. Furthermore, mode of excitation,
location and angle of the DBD plasma actuator are crucial to control of vortex
breakdown. As a mode the optimum mode was found burst mode, highest efficiency
was reached when DBD plasma actuator was placed perpendicularly to the leading

edge across the vortex flow.
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Figure 2.17. Effect of perturbation and impigiment plate on flow structure over a
slender delta wing (Ozgoren et al. 2001).

Kanstantin et al. (2010) performed an experimental survey to control of
vortex breakdown by means of dielectiric barrier discharge (DBD) plasma actuator
using stereo PIV, LDA, surface pressure measurements and force measurements.
Findings of this investigation are; using plasma actuator could control vortex
breakdown and increase aerodynamic performance. Yavuz and Rockwell (2006)
performed and experimental survey to investigate effect of trailing edge blowing on
near surface patterns of a delta wing having 35° sweep angle delta wing. When there
was no control, at a critical angle of attack, 3D dimensional separation was detected.
This separation had a focus center of the inward spiralling downstream of the apex
existed and in this pattern near-surface had considerable velocity fluctuations. At
lower angles of attack, a lower blowing from trailing edge leaded considerable
changes in flow topology, especially, if the magnitude of the blowing was
sufficiently large, structures and locations of critical points alter along the surface of
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the delta wing and the near the wake. Beyond critical angles of attack, o blowing
from the trailing edge moved focus of the separation toward the apex of the delta
wing. At a critical value of blowing the focus of the separation was eliminated
completely. Furthermore the blowing at a high angles of attack, a leads a similar
flow structure with flow structure without blowing at lower angles of attack. If the
angle of attack considerably was higher than the critical angle of attack flows
structure was less sensitive to blowing and larger blowing coefficient were required.
Not only trailing edge blowing from a slot located at the center of trailing edge was
performed, but also blowing from dual slots located at a symmetrical point with
respect to the center of the delta wing was employed. At the lower blowing
coefficients the dual configuration was more effective than the single configuration,
at higher blowing coefficients the single configuration was considerably effective
than the dual configuration. Figure 2.18 demonstrates streamline topology at
different blowing configurations. Calderon et al. (2012) performed and experimental
survey over plunging 50° sweep angle, A delta wing in a water channel. Double helix
pattern in the post-stall region was observed over the delta wing plunging with small
amplitude at angle of attack of 27° and in a region reverse axial flow existed along
the centre of the double helix flow structure. In this survey by means of 3-D particle-
tracking method double helix mode over plunging could be shown which could not
be shown easily by classical methods. Gordiner et al. (2009) performed a
computational and experimental investigation over 50° sweep angle delta wing at
angle of attack 15° at Reynolds numbers 2x10°, 6.2x10° and 2x10°. Computational
and PIV experimental results were compared. Good agreements between
experimental and computational results of time-averaged and instantaneous flow data
were observed at the lower Reynolds number. However dissimilarity at location and
structure of the vortex breakdown was observed. A qualitative agreement was seen
for Re=6.2x10° also. Vortex breakdown took place in two stages, such as in a
diffuse region and wake-like flow region for Re=6.2x10°. In cross-plane, secondary
vortices were observed moreover downstream of the vortex breakdown shape of the
vortex were more oval and includes small-scale structures. It was observed that when

the Reynolds number was increased the small scale structures increased and got more
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different flow structures with increasing the Reynolds number, in additions, helical
substructures co-rotating with primary vortex were also observed. Wavelength of
these helical substructures decreases and develops gradually in upstream region with
increasing the Reynolds number.

W Gl

Figure 2.18. Effect of trailing edge blowing at different blowing coefficient C,
(Yavuz et al., 2006)

Sichtte and Ludeke (2013) performed CFD simulation over a 65 ° delta wing
having rounded leading edge at an angle of attack of 0¢=13.1° and Reynolds numbers,
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Re=2x10° and 3x10°. Results of the CFD simulation were compared with
experimental investigation performed within NATO RTO project. Main features of
the flow field predicted well by the Spalarat-Allmaras turbulence model but inner
and outer vortices were predicted at further upstream region. Wilcox k- turbulence
model predicted the vortex at a location further downstream region and this model is
more sensitive to angle of attack, a. However predicted and experimental pressure
distribution showed small differences, several numerical and physical sensitivities
were detected. Both of the turbulence models showed effect of Reynolds number on
the flow structure. Fully turbulent assumption was made for both of the turbulence
models and it was concluded this assumption which would affect flow patterns.
Elkhoury (2015) performed a numerical investigation flow structure over 50°
and 70° sweep angle delta wings. In this numerical investigation LES with dynamic
Smagorinsky coefficient, kr-k -® transition model, SST Transition models were
used. LES with dynamic Smagorinsky coefficient predicted precisely the onset of
vortex breakdown and transition for all the test cases. Predictions at the surface flow
patterns of the SST-TR and the kr-k - models were different and differences were
more in turbulent flow regions. For the 70° sweep angle delta wing, k-ki -o
transition model predicted point of transition to turbulence comparatively better than
SST-TR. For the 50° sweep angle delta wing, LES with dynamic SGS model gave
better prediction than other models. SST-TR model predicted better than kr-k -o
transition onset of the breakdown, low-speed conical shaped region and surface
limiting streamline for the same delta wing. VVortex wandering was detected by SST-
TR and LES models, but both of two models were not good in predicting the mean

turbulent kinetic energy values.
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3. MATERIAL AND METHOD
3.1. Water Channel

The water channel experiments were performed in a closed-circuit free-
surface water channel in the Fluid Mechanics Laboratory at Cukurova University.
Dimensions of the water channel; length of 800 cm, width of 100 cm, and height of
75 cm and plexiglass transparent test section of the water tunnel has thickness of 1.5
cm.

The water channel has two reservoirs in upstream and downstream of the
channel, water is pumped from downstream reservoir to upstream reservoir, before
reaching test section the water is passed through a settling chamber then a
honeycomb located before 2:1 contraction. The water is pumped by a 15 kW electric
driven pump which has a frequency controller sets speed of the flow. Turbulence
intensity was kept below 0.5 % due to the design of the channel and the honeycomb.
Figure 3.1 shows schematic of the water channel.

_Dye
Primary tank  Hanaycomb r ~——Servo motor Secondary tank
. RS
™,

i — | .
L Delta wing
1] | |

Frequency controlled
cantrifugal pump

Figure 3.1. Schematic of the water channel (Yayla, 2009).
3.2.Wind Tunnel

The wind tunnel experiments were performed in an open-circuit suction type

wind tunnel located in Energy Systems Engineering in Erciyes University.
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Contraction ratio is of the contraction cone of the wind tunnel is 9:1. Test section of
the wind tunnel is 50 cm x 50 cm x 200 cm and walls of the test section have a 0.3 to
minimize effects of the boundary layer and maintain constant static pressure.
Velocity of the flow can be set by means of frequency controller. A honeycomb in
the inlet section of the wind tunnel was used to reduce the turbulence level.
Turbulence intensity on the central axis of wind tunnel was measured by a one
dimensional hot-wire probe of which are shown in Figure 3.2. The schematic

drawing of the wind tunnel and experimental system are presented in Figure 3.3.

Figure 3.2.
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Figure 3.3. Schematic diagram of wind tunnel (Geng et al. 2012a).
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3.3. Experimental Apparatuses

The delta wing was located to the water channel by means of an angle
apparatus which can set both angle of attack, a and yaw angle, B. Angle of attack,a
is set by means of a servo motor while yaw angle, B is set manually. The delta wing
is maintained by means of streamlined strut which has insignificant effect on the
flow structure over the measurement plane. For the wind tunnel experiments delta
wings were maintained via an apparatus which kept the wing from span of the delta

wing.

3.4. General Principles of the Experimental Systems

3.4.1. Particle Image Velocimetry (P1V)

Particle Image Velocimetry (PIV) is a non-intrusive velocity measurement
technique used to simultaneously determine the instantaneous velocities at many
points in a flow field. The technique involves seeding, illumination and capturing
two images in a certain time interval. Since displacement of the particles between 2
images in the captured is known, velocity vector field can be determined from basic
velocity formula given below.

Ax
T At

Figure 3.4. PIV Measurement Principle (Dantec Dynamics, 2015).
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To obtain displacement of the particles in the captured images, enough
particles are needed to obtain displacement of the particles in the measurement plane.
Homogenous seeding of particle is one of the requirements of the PIV system, to see
particle clearly laser illumination is another requirement of PIV system. Laser
illumination system illuminates the particles in the measurement plane, illumination
iIs not continuous but pulsed, illumination system is synchronized with image
capturing system, time between pulses is determined the time interval used in the
velocity formula given above. CCD (Charge Coupled Device) camera is used to
capture illuminated images, if the camera capture double frame images, frame 1 and

2 are used to determine velocity vector map.

Image acquistion Image evaluation
l Seeding ‘ [ Pre-processing |
v
¢ | Introgation |
T_ﬂm;d_l—’l llimination ‘+ & —P»| Result
¢ | Data analysis |
| Image capturing | | Post-processing |

Figure 3.5. General PIV Process (Yayla, 2009).

If camera captures single frame images successive images are used and time
interval in the double frame is lower than single frame so more accurate results can
be obtained. Acquired raw images must be evaluated to obtain velocity vector fields
and related physical properties such as velocity, vorticity, turbulence kinetic energy
etc.

Choosing appropriate seeding tracer particles is very critical for PIV
measurement because PIV measurement is based on tracking particles acquired
images in a certain time interval. Particles must have almost same density with the
fluid flow to provide same motions of particles with fluid otherwise particle may
move upstream or downstream free to fluid due to buoyancy. Size of the particle
should be enough to be detected by the camera; while highly reflective particles such
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as silver coated particles are used for water tunnels, olive oils or alcohol droplets are
used for wind tunnels (Tunay, 2011). Amount of the particle in the measurement
plane is very crucial because every pixel of the image must contain certain amount of
particle for the correlation process; around 35 particles for each interrogation area
otherwise measurements can have high errors (Oztiirk et al., 2008).

Particles must be illuminated by an external source synchronized with the
camera to be detected by the cameras or the PIV system. However different sources
such as laser diodes Xeon lamps can be used for illumination pulsed laser systems
are the most common for the PIV systems. lllumination source must provide
sufficient energy level and thickness and also it must illuminate the entire
measurement plane and must be synchronized with camera. Nd:YAG (Neodymium-
Doped Yttrium Aluminum Garnet ) lasers is the most widely used in PIV because of
performing required conditions mentioned above. (Tunay, 2011).

Illuminated particles by the laser source are captured by a camera. Generally
CCD (Charged Couple Device) cameras are used which formed series of detectors

called pixel. Cameras must work synchronal with laser system.

3.4.2. Stereo PIV

In the PIV technique, to compensate optical problems such as refraction,
prisms can be used. In some circumstances, camera cannot be set as perpendicular to
the measurement plane of the PIV system. In the present study, when the delta wing
has an angle of attack as well as yaw angle optical problems arise such as refraction
and parallax effect etc. For this reason, the stereo PIV technique was used to
eliminate optical problems in the present study. Measurement principle of stereo PIV
is based on same principle with human eyesight. When one looks at an object,
however right and left eyes see similar things, they are not completely same. Left and
right images are compared and interpreted in the brain; finally 3-Dimensional image
is generated (Dantec Dynamics, 2006). However other parts of the system are same,
in the stereoscopic PIV system there are 2 cameras as distinct from the traditional
PIV system. 3-D vectors are obtained by means of processing 2-D vectors obtained
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from each camera located with angle according to the object. However the best
results are obtained while the angle between cameras, reasonable results can be
obtained at much less angles. (Dantec Dynamics, 2006).

Due to the parallax effect, if cameras are located to measurement plane with
angle, different velocity component is obtained since the cameras see different
magnitude and direction of the vectors as shown in figure 3.6. To reconstruct true
velocity field vectors, new correlation is performed using 2 adaptive correlations of
the cameras taken into account calibrations by this way not parallax effects and

misalignment of the laser sheet are corrected.
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Figure 3.6. Principle of stereo-vision (Dantec Dynamics, 2006)

Stereo PIV is required a calibration process to construct 3-D image from 2 2-
D images. Calibration process is performed as follow;

o Calibration target is aligned with laser sheet in the measurement plane; the
surface of the target is located in the center of laser sheet.

e The target is traversed in Z axis through laser sheet thickness in the
measurement plane. Center of the laser sheet is accepted as Z=0, 3 or 5 points
must be traversed through entire of laser sheet thickness.

e Single frame images are recorded at every Z points.

e Calibration process is performed separately for each camera.
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Calibration can be performed with different techniques; linear and non-linear
techniques. Linear models are pin-hole model and direct linear transformation
(DLT); linear models are used if the target is moved linearly and if there is nothing
breaking non-linearity such as low quality of lenses or complex refractions. If non-
linearity is expected 3 ordered XYZ polynomial model must be used. (Dantec
Dynamics, 2011).

To be able to perform calibration process, Scheimpflug condition for each
camera condition must be ensured. The Scheimpflug principle describes the
orientation of the plane of focus of an optical system when the lens plane is not
parallel to the image plane (Wikipedia, 2015). If the Scheimpflug condition is not
satisfied entire of the image or some part of the image focus becomes inadequate
(blur) to form appropriate vector map.

Stereo PIV camera has Scheimpflug mount to tilt camera to satisfy
Scheimpflug condition. To be sure satisfying Scheimpflug condition different
techniques may be used; Scheimpflug angle is set by means of tilting camera
according the calibration target. Setting light in the environment has great
importance to set Scheimpflug condition also. Figure 3.7 shows proper and improper

Scheimpflug condition.

- -

Figure 3.7. Image of the calibration target shows proper and improper Scheimpflug
condition, the left is proper, the right is improper (Dantec
Dynamics,2006).

Scheimpflug condition can be set via 3 different ways (Dantec Dynamics,
2006). The first one is calculating Scheimpflug condition angle according to given

formula below.
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Y:AI’CTan [(f|ens'tane)/(do'ﬁens)]

The second method to set Scheimpflug condition is to focus center of the
image and tilting cameras until reach the best focus whole of the image. If this
method is used on-line histogram can be used, in this histogram if 2 distinct peaks
are detected as shown in figure 3.8 Scheimpflug condition is ensured. The last
method to set right Scheimpflug condition is adjusting focus of the camera and

Scheimpflug angle, y until the obtain satisfactory vectors in entire of the plane.
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Figure 3.8. Two different adequate Scheimpflug conditions using online histogram
which shows two distinct peaks (Dantec Dynamics, 2006).

Figure 3.9 shows reconstruction of the 3D stereo PIV image from a pair of 2D
image. 3" component velocity (w) is given as a contour drawing in the measurement
plane and there is no z axis. Since the cameras are oriented to the measurement plane
with angle and different positions, it is impossible they see identical areas; region
where both 2 camera’s views intersect which is generally trapezoidal area is used to
form 3-D image and the regions outside the intersection called overlap can not be
used to form accurate vectors. The best stereo PIVV measurement is conducted when
angle between camera axes is 90 but this is not an obligation, cameras can be placed

asymmetrical as well as shown figure 3.9 (Dantec Dynamics,2002).
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Raw images must be evaluated to obtain velocity vector. The first step of the
evaluation is correlation process; however there are different types of correlation
methods, in this investigation adaptive correlation is applied, in this analysis method
velocity vectors are calculated with an interrogation area consisting m x n pixels.
Vectors are recalculated using smaller interrogation area and recalculation is
repeated until defined final interrogation area reached (Suastegui, 2012).

Interrogation and overlap area are given in figure 3.11.

Resulting 3D vector map

Figure 3.10. Example of a non-symmetric stero PIV experimental set-up (Dantec
Dynamics, 2002).
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7~ Overlap with neighbouring
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Figure 3.11. Interrogation and overlap areas for adaptive correlation (Dantec
Dynamics, 2011).

After the instantaneous velocity fields are calculated for each image by means
of the correlation process, post-processing is performed for deleting spurious vectors,
replacing the deleted vectors, smoothing and filtering entire of the velocity fields.
Spurious vectors can be formed due to noise or artifacts such as laser misalignment
which cause improper peak detection (Yavuz, 2006).

To eliminate spurious vectors, a validation is required. Validation is
performed by means of CLEANVEC software written by Meinhart and Soloff (1999)
which has 4 methods; RMS tolerance filter method, magnitude difference filter,
absolute range filter, quality filter methods. The software removes vectors below the
defined threshold value of the mentioned methods. To fill deleted vectors by
CLEANVEC, NFILVB software written by Lin (1994) which uses bilinear
interpolation with least squares fit is used.

Finally obtained velocity field is smoothed using a Gaussian-weighted
method proposed by Landreth and Adrian (1989) with smoothing parameter of 1.3.
Physical quantities such as vector map, streamline, uyys etc. are presented via data
analysis software Tecplot and Surfer. Figure 3.12 shows steps of the stereo PIV
process and post-processing. Formulations of PIV analyses are given in the

appendix.

42



3. MATERIAL AND METHOD flyas KARASU

1

] | Calibration of Camera | | | Calibration of Camera 2 |
]

I

1 Raw Image 1 Raw Image 2

I

: l l

| Stereo PIV Correlation |

!

Raw Velocity Vectors

1

1

1

1

1

1

1

1 1
DYNAMIC STUDIO™ | e 51 I Two-Frame Adaptive Correlation 1 | | Two-Frame Adaptive Correlation 2 1
! 1

1

1

1

1

1

1

1

[ = i ————— - ————
1 Vectors Validation :
CLEANVEC : & i
i Elimination of Spurious 1
|
L - I ________
jmmm e e e S e e e ——— ==
| Replacement of Deleted Vectors
|  NFILVB

!

| Vorticity Caleulation

I
|
|
I
I
Smoothing Process |
I
|
I
I
I

| Time-Averaged Velocity Calculation

NWENSAW? | Time-Averaged Vorticity Caleulation

TECPLOT™
SURFER™

1
Figure 3.12. PIV processing and post-processing steps (Adapted from Yavuz, 2006).
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3.4.3. Surface Pressure Measurements

Pressure measurements can be conducted on via different pressure
measurement devices such as, U manometer, digital manometer etc. In this present
research differential type electronic pressure transducer including strain gage and
diaphragm which widely used differential pressure measurement device.

The pressure transducer consists of a strain gage and a membrane. Strain gage

is an electrical circuit consists of 4 resistors of which 2 cross multiplying values are
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equal. If the 3 of the 4 resistors are known the fourth can be calculated via formula
given below.

R1 X R4s=R2 X R3

With applied pressure membrane moves and changes the resistor, output
voltage changes with applied pressure also. Output voltage can be adjusted linearly
with applied pressure; output voltage is transmitted to terminal board then computer
via analog-digital data acquisition card. Acquired voltage data is converted to
pressure values by means of a computer program. To be able to get corresponding
pressure value, calibration process must be performed prior to the measurement.
Calibration is performed via measuring pressure with another pressure device such as
a manometer; 2 measured pressures by the manometer are entered to the software
and the software converts output signals to pressure since output voltage varies

linearly with applied pressure.

Quarter Bridge Strain Gauge Circuit Full Bridge Strain Gauge Circuit
Stressed l Stressed
Strain gaugel. Strain gauge2
N g e
& A — .. - — —
Stressed Stressed
Strain gauge Strain gauged T Strain gauge3

Figure 3.13. Different type Strain gauges (Instrumentation Today, 2015)
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Figure 3.14. Relation of output voltage and pressure of the used pressure transducer
(Honeywell, 2001).
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Figure 3.15. Schematic of differential pressure gage with diaphragm and with
diaphragm (Holman, 2011).

3.4.4. Surface Oil Visualization

Surface oil visualization is qualitative technique to observe boundary layer
transition, separation regions, surface flow direction, shock wave location and
whether the flow is laminar or not. (Curry et al., 1983). In this technique a mixture is
prepared and this mixture is applied to surface into flow direction while the tunnel is
off, then the tunnel is operated until the applied mixture is dries then flow pattern can
be recorded by a camera.

The mixture contains oil, pigment matter and extra additives to against
dispersion (and pelletizing). Kerosene, light diesel oil, light transformer oil can be
used and if the velocity is low, additives which reduces viscosity of the mixtures
such as alcohol can be added also) titanium dioxide, china clay, lampblack can be
used as pigment and against oleic acid can be used (Merzkirch, 1987). Fluorescent
dye can be used if the ultraviolet illumination is provided. The inertia forces of the
mixture should be lower than the viscous and surface tension forces in order to not
affect the flow events on the surface (Geng et al., 2012b). Some examples of surface

oil visualization is presented in figure 3.16 and 3.17.

45



3. MATERIAL AND METHOD flyas KARASU

Figure 3.16. Oil visualization over surface of a delta wing with fluorescent oil under
UV illumination (Gatlin et al. 2012).

- - Tk e
Figure 3.17. Oil visualization with China clay (UWAL, 2015).

3.4.5. Dye Visualization Experiments

Dye visualization is a qualitative method to observe flow pattern in the
defined measurement plane. In the dye visualization technique a kind of dye is
released to the water channel, released dye moves with the flow. Dye visualization
technique in water channel is similar with smoke visualization with wind tunnel.

As dye, ink, food dye, rhodamine etc. can be used, dye mix with water and a

solution is prepared and released to the flow by hoses furthermore if fluorescent dye
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such as rhodamine is used a laser source is required for illumination in order to get

higher quality observations. Figure 3.18 represents a dye visualization experiment.

Figure 3.18. Dye visualization of the wake of an oscillating fin (IHHR,2015).

3.4.6. Flow Topology

To analyze flow pattern topology of vortical flows is very crucial. In
literature several works can be found such as Délery (1992, 2001, 2013), Tobak and
Peake (1982).

Critical points in a plane are shown in figure 3.19. Types of critical points
are determined with respect to eigenvalues of skin friction line equation. If the two
eigenvalues are real and have the same sign, the singular point is a node. If the
eigenvalues are distinct, the singular point is attachment node. If both of the
eigenvalues are equal, the single point is isotropic node. If the eigenvalues are real
and opposite signs singular point is a saddle point in which two trajectories go
through the singular point and other trajectories form hyperbolic shape. If the
eigenvalues are complex conjugates, the singular point is a focus. If p is zero for
positive g, the critical point is center. Right side of the Figure 3.19 represents
separation and left side of the figure represents attachment (Délery, 2001). Figure
3.20 represents surface flow pattern of a delta wing and flow pattern near the apex of

the delta wing.
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Figure 3.20. Surface flow pattern of a delta wing and flow pattern near the apex of
the delta wing.( Délery, 2013)
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3.5. Experimental Setup

3.5.1. Dye Visualization Experiments

The depth of the water was kept constant at 53 cm during all dye experiments,
the pump frequency was kept at 20 Hz, and corresponding free-stream velocity was
80 mm /s. The delta wing with sweep angle, A=70° made of plexiglass has a chord
of 25 mm, 6 mm thickness and leading edges were bevelled 45°. There are 3 dye
release points both side of the leading edges which were placed at 5%, 30% and 55%
of the chord length. Temperature of the water, T inside channel was 22 C°, Reynolds
number based on the delta wing chord was Re=20,000 as explained by Karasu et al.
2015.

Experiments were performed in both plan and side view planes, the laser
sheet was passed from the center of leading edge vortex for side-view visualization;
it was located parallel to surface of the delta wing for plan-view, but, in the case of
measurements in side-view plane, laser sheet was located perpendicular to the
surface of delta wing as shown in figure 3.21. A Rhodamine type dye is used to
observe flow patterns by releasing a specified amount of dye that shines under the
laser light sheet passing through the defined flow field. Dyes were received from a
small tank place almost 1 meter higher from the delta wing via plastic hoses and
needles and amount of the dye to be released is set by means of apparatus on the
hoses. Magnitudes of velocity of dyes released from six different locations are
almost same with the flow velocity. SONY HD-SR1 video camera was used to
capture video of the vortical flow patterns, instantaneous images were taken by

means of software.

49



3. MATERIAL AND METHOD flyas KARASU

Onset of the vortex

Onset of the vortex breakdown of the leeward side Laser sheet for SPIV

(Plan View)

__..-Ii--"' \ Laser Sheet for dye visualization
;
L

(Plan View)

EErEE .
Lasar Sheet for Dye and SPIV
(Side View)

Figure 3.21. Schematic of the experimental set-u:p for dye visualization and Stereo
PIV experiments for plan and side-view planes.

3.5.2. Stereo PIV Experiments

Images were acquired by 2 FlowSense 2M model CCD cameras equipped
with 2 35 mm focal lenses. Silver coated hollow glass spheres with 10 um diameter
which is very close to buoyant were used for seeding. 12 double frame images per
second acquired from both cameras. The measurement plane was illuminated by a
double pulsed Nd:YAG laser has 120 mJ/pulse maximum energy output at 532
wavelength. Time between pulses was set as between 1750-5000 us depending on
flow structure. Thickness of the laser sheet in the measurement plane was almost 1.5
mm. The central axis of laser sheet is 1.25 mm far away from the surface of delta
wing. Namely, the distance between laser light sheet and surface of the wing is 1.25
mm. The resolutions of the CCD cameras were 1176x1200 pixels. Dantec Dynamic
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Studio 3.20 software was employed for acquiring images, synchronizing the system,
getting adaptive and stereo correlations. Image processing were performed 32 x 32
pixel interrogation areas with 50 % to satisfy Nyquist criterion. 71x74= 5254 vectors
were obtained for each image.

For the stereo PIV measurements a delta wing made of plexiglass has chord
length of 17.7 cm, thickness of 6 mm and leading edges were bevelled 45°. Same
aperture with the dye visualisation experiments to fix the delta wing in water
channel. Free-stream velocity was kept at 120 mm/s and corresponding Reynolds
number almost was Re=20x10°. Since the size of field of view of cameras is not
enough to capture whole area of the wing which is used in the dye visualization
experiments, another delta wing having shorter chord length was used for velocity
measurement using Stereo PIV. Before the stereo PIV experiments, vortex
breakdown locations on this delta wing were observed by means of dye releasing and
it was seen that the location of vortex breakdown was same for both delta wings.

Measurements in plan and side-view planes were conducted using a stereo
PIV. For stereo PIV experiments; for the plan-view plane experiments angles of
attack 0=25°,30°,35°, and yaw angles f=0°,4°,8°,12°,16° and 20° were investigated.
Due to the leeward side vortex breakdown takes place quite far from the
measurement plane, only windward side vortex breakdown were investigated at
angles of attack 0=30°,35° and yaw angles of =0°,4°,12° and 20°. Whereas laser
sheet was oriented same with the dye visualization experiments in side-view plane by
employing stereo PIV, for the plan-view plane experiments the laser sheet was
oriented parallel to the delta wing and at a location 0.5 mm below the surface, then,
measurements were performed at a location 1.25 mm below the delta wing.

In the present investigation 200 mm x 200 mm standard calibration target is
used. This target has white background and black dots. Spacing between dots in both
X and Y axis is 5 mm reference marker diameter is 2.7 mm and axis marker diameter
1.3. To be able to get appropriate light for the calibration, black curtains were used to
block excess light. Direct linear transformation (DLT) method is used for the
calibration via scanning laser sheet thickness with points; Z=0, Z=1, Z=-1. CCD

cameras were located symmetrical to the measurement plane for the plan-view
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experiments whereas they were located non-symmetrical to the measurement plane
for the side-view experiments to prevent laser reflection. The uncertainty level of the
velocity measurement is almost 2%. (Yayla, 2013). Figure 3.22 and 3.23 show

experimental set-ups of stereo PIV in plan-view and side-view planes.

Figure 3.23. Experimental arrangement photo for side-view stereo PIV experiments.
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3.5.3. Surface Pressure Measurements

For the pressure measurement a delta wing has chord length of 20 cm with 1
mm diameter 32 pressure taps on suction side. Pressure tabs locations shown in table
1. PVC hoses having 2.1 diameters inside the delta wing were used to transmit
pressures to sensors. To minimize effect of the fixing apparatus on flow structures of
delta wing, thin materials were used. Figure 3.24 shows locations of pressure taps

over the surface of the delta wing and figure 3.25 shows the delta wing used for the

pressure measurement experiments.

x/e y/s

0.2 -0.43 0 0.43

0.3 -0.62 -0.31 0 0.31 0.62
0.5 -0.77 -0.51 -0.25 0 0.25 -0.51 0.77
0.7 -0.84 | -0.63 | -042|-021| 0 | 021 | 042 | 0.63 | 0.84
0.9 -0.87 | -0.70 | -0.53 | -0.35 | 035 | 053 | 0.70 | 0.87

Figure 3.24. Locations of the pressure taps over the delta wing.

Figure 3.25. The delta wing used for pressure measurement.
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Pressure measurement system contains 32 pressure taps, a terminal board, an
AD DAQ card, a Pitot tube, a digital manometer, a leakage free bottle and a hand
pump. Differential type Honeywell 163PC0O1D75 pressure transducers were used to
measure pressures over the surface of delta wing. Static pressure of the free-stream
was received from static port of the Kimo TPL-03-300 Pitot tube located far from
the delta wing.

By means of the software output voltage was converted to pressure values
and instantaneous pressure values were saved. Calibration process was performed by
means of calibrator system which includes, a hand-pump, leakage free a bottle and a
CEM DT-8920 manometer. Minimum and maximum values of the pressure were set
via hand pump and entered to house-made software which receives voltage values
from the transducers and converts voltage values to pressure values. In order to
calculate properties of the air in terms of pressure, humidity, temperature and altitude
of the environment a house made software was used. Data of pressures, humidity and
temperature were taken from the State Meteorological Service located almost 2 km

away from the laboratory.

200

all]

& —1
e |

N —
Figure 3.26. Dimensions of the delta wing used for pressure measurement.
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Free-stream velocity was measured as U, 9.20 m/s and the corresponding
Reynolds number was almost 10x10%. Uncertainty of this Reynolds number, Re is
almost %.5.5 and the uncertainty of the pressure coefficient Cp is nearly 5% (Geng et
al., 2012a).

After the calibration, pressure measurements are conducted for one minute
and experiments were repeated by three runs 500 values are collected per second. To
get dimensionless value pressure coefficients formula two is used and all results were
presented as -C, to determine pressure coefficient.

AP
C, =

P 1
ZPU*

AP is the difference of pressure of the corresponding pressure tapping and
static pressure of the free-stream, p is the density of the air, U is the free-stream
velocity. Dry air density was used to taking into account, atmospheric pressure,
humidity and temperature of the environment. Velocity was calculated from pressure
difference of total pressure and static pressure using dynamic pressure formula; after
calculating density of the air, required velocity was determined then frequency of the
tunnel of the was set until reaching required pressure differences from manometer
and Pitot tube system. Static pressure of the air comes from static port of the Pitot-
static tube located far from the delta wing.

Blockage ratio (BR) can be defined as frontal area of the delta wing to frontal
area of the wind tunnel. Figure 3.26 shows 3 views of the delta wing in the wind
tunnel.

=L

For the frontal view, maximum length in y direction is span of the delta wing

BR

145.59 mm, for the maximum length z direction is 116.19 mm and frontal lengths of
the tunnel are 500 mm as shown figure 3.27. The maximum blockage ratio without
yaw is 6.76 %.

Since maximum blockage ratio is below than 10 %, blockage correction was
not required, but when the delta wing was yawed since leading edge came closer to
the side walls of the wind tunnel, the delta wing and apparatus were moved to the
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opposite direction of the yaw using channels on wind tunnel to reduce walls on the
flow structure of delta wing.

1119

T
455 ¥ —eza3—

Figure 3.27. yDimensions of the delta wing inside the wind tunnel.

Figure 3.29 and 3.30 show the apparatus used for the wind tunnel
experiments. Angle of attack, a was set by means of Stanley ST142919 water level
and yaw angle, a was set with the apparatus. Figure 3.31 represents experimental set-

up of the pressure measurement system.

Vg (Output Voltage)

|
|
I
Pressure I
|
[

| | | ] | | | | | |
| | | | N OPSIG | | | | -
—1psi -5"Hz0 +5"H20 +lpsi
(Gage Scale) — 2768 Hz0 +27.68 H20

Figure 3.28. Output voltage variation with pressure (Honeywell, 2011).
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Figure 3.29. Top view of angle wind tunnel apparatus.

Figure 3.30. Channel on wind tunnel to move the delta wing to protect from wind
tunnel wall’s interference.
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Figure 3.31. Image of the experimental set-up of the pressure experiments.

3.5.4. Oil Surface Visualization Experiments

For oil visualization experiment all experimental conditions were same, a
delta wing having 20 cm chord length without pressure tabs were used. In the
present investigation, gasoline-titanium dioxide-oleic acid mixture was applied to
surface of the delta wing to observe flow pattern on the surface. The mixture was
applied via in direction of the free-stream via a brush. Since magnitude of the
velocity changed with angle of attack, a and yaw angle, B concentration of the
mixture is changed; especially for higher yaw angle, f the diluted mixture were
applied to allow flow to move with flow. Angle of attack, o was set by means of
Stanley ST142919 water level and yaw angle, p was set with the apparatus.
Experiments were conducted in the same conditions for the surface pressure

measurements.

3.6. Aim of the Study

During a maneuvering, aircrafts are subjected to the crosswinds. Similarly,

giving a yaw angle to the delta wing in the wind tunnel experiment free-stream flow
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direction is not parallel to the central cord axis of the wing. That is to say, under high
yaw angles delta wing is under effect of crosswinds causing nonsymmetrical flow
structures over the wing surface.

In the present study, effect of yaw angle, B on the behavior of vortex
breakdown and vortical flow structure over a slender delta wing is investigated via 4
different experimental techniques. Effects of yaw angle, B are observed in detail in
order to understand yaw maneuver capability of a slender wing at a low Reynolds
number, Re. The significance of this study is that the different experimental
techniques are applied so as to understand in detail the effects of yaw angle, p on the
aerodynamics of slender delta wings and offer control techniques.
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4. RESULTS AND DISCUSSION

4.1. Dye Visualization

In this section, the dye visualization experiments in plan-view and side-view
were performed at the Reynolds number, Re= 20.000. In terms of the dye
visualization experiments; vortex breakdown locations, trajectories of the leading
edge vortices, interactions of the leading edge vortices and interaction of leading
edge vortices ad surface of the delta wing were observed.

Figures 4.2-4.4 represent variation of leading edge vortices structures with
yaw angles 3, at angles of attack 25°, 30° and 35° from plan-view plane. Blue lines
representing dimensionless chord are placed with 0.1 x/c interval. These images are
acquired from video records after careful observation, because vortex breakdown
locations are not stationary. Maximum, minimum and mean locations of the vortex
breakdown are determined observing these video records. In addition to vortex
breakdown locations, interaction of the leading edge vortices and trajectories of the
leading edge vortices were examined as well.

At 0° yaw angle B, pair of symmetrical leading edge vortices are observed.
Vortex breakdown locations are not stationary, oscillations on the vortex breakdown
location are observed as shown figure 4.1. Observations reveal that leading edge
vortices do not breakdown simultaneously, one of them breakdown earlier than the
other but breakdown location interchange and mean location of the vortex
breakdown almost symmetrical at 0° yaw angle, B. When the yaw angle, B is
constant at 0°, vortex breakdown location of the leading edge vortices moved toward
to apex of the delta wing with increasing angle of attack, a.

At constant angle of attack o, when the delta wing is yawed gradually,
observations reveal that while the vortex breakdown location of windward side
comes near the apex of the delta wing, leeward side vortex breakdown moves further
than the p=0° circumstance. Since the leeward side vortex breakdown location moves
out of the visualization plane, only windward side of the vortex breakdown location

is examined. When delta wing is yawed vortex breakdown locations of the windward
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side move toward to apex gradually. Generally speaking, nonlinear decrease of
windward side vortex breakdown with increasing yaw angle is observed. Figure 4.5
demonstrates vortex breakdown location as a function of yaw angle. For angle of
attack 0=25°, mean windward side vortex breakdown locations take place x/c=1 and
x/c 0.5 at 0° and 20° yaw angle P respectively. At 30° angle of attack a, mean vortex
breakdown locations take place x/c=0.8 and x/c= 0.35 for 0° and 20° yaw angle, 3
respectively and for 35° angle of attack, o, vortex breakdown occurred x/c 0.55 and

0.1 at 0° and 20° yaw angle, B respectively.

Figure 4.1. Dye visualization images showing maximum and minimum vortex
breakdown locations at 0° yaw angle, p.

As shown figures, yaw angle, B has great influence on the trajectories of both
leading edge vortices and this influence is much stronger on the leeward side leading
edge vortex. With increasing yaw angle leeward side vortex moves toward to the
leading edge and gets almost parallel to the leading edge while windward side vortex
moves toward to the center of the delta wing.

Plan-view experiments reveal interactions of the leading edge vortices also.
Interaction regions are not stationary just as vortex breakdown locations; figure 4.6

which include instantaneous images demonstrate vortex interactions. Experiments
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reveal that the windward side vortex coil leeward side vortex moreover vortex
interactions lead leeward side vortex to oscillate in streamwise direction.

As can be seen in figures disorganised windward side vortex covers the great
portion of the surface of the delta wing which may lead decrease aerodynamic

performance since low velocity caused less pressure distribution.

Figure 4.2. Dye visualizations in plan-view plane representing effect of yaw angle, 3
on vortical flow structure at angle of attack, a= 25° and yaw angles
within the range of 0<p<20.
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Figure 4.3. Dye visualizations in plan-view plane representing effect of yaw angle, 3
on vortical flow structure at angle of attack, a= 30° and yaw angles
within the range of 0<p<20.
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Figure 4.4. Dye visualizations in plan-view plane representing effect of yaw angle, 3
on vortical flow structure at angle of attack, a= 35° and yaw angles
within the range of 0<p<20.
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Figure 4.5. Vortex breakdown locations of windward side as a function of angle of
attack a and yaw angle, B.
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Figure 4.6. Leading edge vortices interaction regions at angle of attack 0=35° and
yaw angle =20°.

Figure 4.7 shows the structures of the windward side leading edge vortices in
side-view plane. As shown figures yaw angle has significant effects on the flow
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structures in side-view plane. In this plane with increasing yaw angle, larger scale
Kelvin-Helmholtz vortex structures take place and interactions of the leading edge
vortex and the delta wing surface is observed moreover the interactions is increased

with the yaw angle.

Figure 4.7. Dye visualizations in side-view plane representing effect of yaw angle, 8
flow structure at angle of attack within range of 25°<0<35° and yaw
angles within the range of 0°<p<20°.
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4.2.Surface Oil Visualization

Surface oil visualization experiments were performed at angles of attack with
the range of 25°<a<35° and yaw angles with the range of 0°<B<20° at the Reynolds
number, Re=10x10*. Surface oil visualization experiments reveal clearly formation
of the leading edge vortices at a lower yaw angles, 3. Figure 4.8 shows an example of

oil visualization experiment.

Secondary Seperation

Primary Reattachment

Primary Separations

Secondary Vortex

Figure 4.8. Flow patterns on the surface of the delta wing obtained oil surface
visualization experiments.

Surface oil visualizations reveal that while reattachment points form a line at
B=0°, with yaw angle they form a curve. Primary reattachment points come closer
toward to center of the delta wing. At higher yaw angles B, flow cannot sweep oil
mixture on the surface of the delta wing, because of low velocity of the delta wing.
In the recirculation area momentum of the flow is not capable of sweeping the
mixture however different diluted mixture was applied to the surface of the delta
wing. If one examines separation and reattachment points of the leeward side leading
edge vortices, with increasing yaw angle leeward side leading edge vortex both

separation and reattachment points move toward to the leading edge moreover size of
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the primary leading edge on leeward decrease. Furthermore visualizations reveal at
higher yaw angles [, secondary vortices of the leeward side start to shrink and finally
diminish. Figure 4.9 shows leeward side leading edge vortices at angle of attack,
0=35° and yaw angles p=0° and B=12°. Figures 10-12 represent oil visualization

experiment results.

p=0°

Primary Leeward Side Leading Edge

p=12°

Figure 4.9. Leeward side leading edge vortices at angle of attack, a=35° and yaw
angles p=0° and p=12°.
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p=16°

p=20°

Figure 4.10. Surface oil visualization of the delta wing at angle of attack a=25° and
yaw angle within range of 0°<p<20°.

71



4. RESULTS AND DISCUSSION flyas KARASU

p=8° p=20°

Figure 4.11. Surface oil visualization of the delta wing at angle of attack a=30° and
yaw angle within range of 0°<p<20°.
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p=8° p=20°

Figure 4.12. Surface oil visualization of the delta wing at angle of attack a=35° and
yaw angle within range of 0°<p<20°.
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4.3. Stereo P1V Experiments

4.3.1. Plan-View Plane Experiments

Near surface topology of the vortical flow over the surface of delta wing was
experimentally examined in plan-view plane. In these experiments, angles of attack
were taken as 0=25° 30° and 35° and yaw angles were varied in the range of
0°<p<20° with step of 4°. The laser sheet which had 1.5 mm thickness was
positioned at a plane 0.5 mm below the surface of the delta wing, that is to say,
measurements were conducted at a plane which was 1.25 mm below from the delta
wing surface.

In this section time-averaged vector, streamline, vorticity, u and v velocity
components, velocity fluctuations, Reynolds stresses and turbulence kinetic energy

values were examined.

4.3.1.1. Time-Averaged Vector, Streamline and Vorticity

Figures 4.13-4.15 represent time-averaged vectors <V> for angles of attack
such as 0=25°, 30° and 35 and yaw angles in the range of 0°<B<20°. At yaw angle,
B=0° a pair of primary vortex Vp, and secondary vortex Vs which has smaller velocity
vectors <V> are clearly visible. Secondary vortices, V; start to diminish with
increasing yaw angle, B on leeward side. Furthermore, since windward side has lower
velocity vectors in this region it is hard to identify secondary vortices from time-
averaged velocity vectors, <V>.

Figures 4.16-4.18 demonstrate time-averaged streamlines, <¥>. For angle of
attack, a=25°, effect of yaw angle, B on time-averaged streamlines, <¥> is inherit
but any important critical points could not be detected. Shape of streamlines are
changed dramatically as a function of yaw angle, B especially on leeward the yaw
angle, B is more dominant. Curvature and trajectories of the streamlines decreases

with varying yaw angle, B, less curvature pattern is seen at higher yaw angles, .
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At 30° angle of attack up to 12° yaw angle, B any important critical points
take place and same patterns are seen for angle of attack of o=25°. At yaw angle
B=12° a foci F and bifurcation line Lo downstream of this F on leeward side take
place. When yaw angle, B is set at 16° the point of foci, F and bifurcation line L, take
place in further upstream region comparing with f=12°, furthermore, a saddle point,
S also appears after the bifurcation point, Lo . At yaw angle, f=20° near the leading
edge on leeward side bifurcation line, Lo, a saddle point, S, then the point of foci, F
and finally second bifurcation line Ly are seen. At angle of attack, a=35° up to 4°
yaw angle, B important critical points do not occur. At yaw angle, =8° and =12° a
bifurcation point L, takes place and flow starts to have more complex formation. At
yaw angle, p=16° a bifurcation point, Lo develops approximately at a location of x/c
0.3, a saddle point, S occurs at x/c 0.8 and also second bifurcation line, L, takes place
at x/c 0.9. When yaw angle, B is set to 20° a point of foci, F appears at x/c 0.5 near
centreline of the delta wing, a bifurcation line, Ly near leading edge, a saddle point, S
at x/c 0.8 and a bifurcation line L, take place. As can be seen from time-averaged
streamline patterns, <¥> on windward side vortices form recirculation zone and
spread over majority part of the delta wing surface while leeward side vortices move
towards the leading edge and occupying smaller area. Time-averaged vector
patterns, <V> and streamline patterns, < ¥> demonstrate that attached flow near
centreline of the delta wing moves towards the leeward side of the leading edge.
These patterns also show the spreading of the windward leading edge vortices along
the delta wing surface and interaction of the leading edge vortices.

Time-averaged vorticity, <o> contours are demonstrated in figures 4.19-4.21.
For easy comparison minimum and maximum values of the contours is set with the
same numerical value for each angle of attack, a. When yaw angle is adjusted with
=0° three pairs vorticity is seen; outside vorticity O, main vorticity M and
secondary vorticity S between O and M. When the delta wing is yawed these
symmetrical patterns of flow change dramatically. At yaw angle, f=0° maximum
vorticity [<o>]max takes place in outside vorticity O. With increasing yaw angle on
windward side [<®>]max takes place around the apex of the delta wing, on leeward

side [<w>]max takes place in outside of vorticity O. Especially on windward side, ,
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vorticity magnitudes <®> reach maximum value in the region close to the trailing
edge since the flow orients towards the windward side as seen from streamline
patterns . Streamline patterns demonstrate the spreading of the windward leading
edge vortices along the delta wing surface and interactions take place between the

leading edge vortices.
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Figure 4.13. Patterns of time-averaged vectors <V> in plan-view plane for angle of
attack o
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Figure 4.14. Patterns of time-avaraged vectors <V> in plan-view plane for angle of
attack a=30° and yaw angle within the range of 0°<p<20°.
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Figure 4.19. Patterns of vorticity <> distribution in plan-view plane at angle of
attack a=25° and yaw angle within the range of 0°<f<20°. Minimum
and incremental values [<o>]min=1 and A[<o>]=1 respectively.
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attack a=30° and yaw angle within the range of 0°<f<20°. Minimum

and incremental values [<w>]min=2 and A[<w>]=2 respectively.
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Figure 4.21. Patterns of vorticity <> distribution in plan-view plane at angle of
attack 0=30° and yaw angle within the range of 0°<p<20°. Minimum
and incremental values are [<w>]min=1 and A[<w>]=2 respectively.
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4.3.1.2. Time-Averaged Streamwise and Transverse Velocity Components

Figure 4.22-4.24 demonstrate contours of time-averaged dimensionless
streamwise velocity, <u>/U for angles of attack, 0=25°,30° and 35° and yaw angles
with range of 0°<p<20°. Figures 4.25-4.27 show time-averaged dimensionless
transverse velocity, <v>/U contour under same circumstances. Minimum and
incremental values of the contours were kept same for each component for constant
angle of attack, a. As seen from figures when the vortex breakdown takes place,
streamwise component velocity, <u>/U decrease abruptly. On windward side
however at angle of attack 0=25° streamwise velocity component, does not take
negative value. But increasing angles of attach to values of a=30° and 0=35°
streamwise velocity component, u takes negative value. This negative value of
streamwise velocity component, u increase further with yaw angle B. For example,
dimensionless absolute value of negative streamwise velocity component, [<u>/U]
reach the value of 0.3 with the increasing yaw angle, . On the leeward side, under
all circumstances, negative <u>/U values do not take place, moreover, generally
dimensionless negative streamwise velocity component, p=0° values increase with
increasing angle of attack, o and yaw angle, B. As can be seen from figures with
increasing yaw angle on windward side low velocity region spreads over the surface
of the delta wing and on leeward side near the leading edge <u>/U increases.

In the figures in addition to colourful contours, black lines present positive
values and white lines present negative values. As shown from transverse velocity
component <v>/U, at yaw angle p=0° pair of well-defined cluster can be seen
clearly. The symmetrical structure begins to change suddenly with the yaw angle p.
Generally speaking, with the increasing yaw angle [, absolute values of the
transverse velocity component, <v>/U on both windward and leeward sides decrease.
At angle of attack 0=25° and yaw angle B=0° transverse velocity component
[<v>/U]max, takes place between 0.9 and -0.9 when yaw angle B, is equal to 20°,
these value takes place between -0.26 and 0.35. For angle of attack 0=30° and yaw
angle B=0°, transverse velocity component [<V>/U]nax, takes place between -0.9 and

0.9, moreover at yaw angle 20° -0.2, [<v>/U]nax IS between -0.2 and 0.6. As can be
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seen in figures yaw angle, f has significant effects on velocity distribution in
components, u and v. Reactions of the yaw angle, B on velocity distributions is more
coherent on leeward side. At angle of attack 0=35° for yaw angle, =0°, Numerical
values of transverse velocity components, [<v>/U]max vary between -1 and 1 and for
yaw angle, p=20° values of [<v>/U]max take place between -0.2 and 0.2.

These results can help to understand the surface oil visualization experiments
in more detail. Low velocity regions where oil could not be swept by the flow can be
seen clearly. The momentum of the flow over the delta wing falls in this because of

low velocity components.
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Figure 4.22. Patterns of time-averaged components of streamwise velocity, <u>/U in
plan-view plan for the angle of attack a=25° and yaw angle within the
range of 0°<B<20°. Minimum and incremental values are
[<u>/U]min=0.05, and A[<u>/U]= 0.05 respectively.
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Figure 4.23. Contours of time-averaged components of streamwise velocity, <u>/U
in plane-view plan for the angle of attack a=30° and yaw angle within
the range of 0°<B<20°. Minimum and incremental values are
[<u>/U]in=0.05, and A[<u>/U]= 0.1 respectively.
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Figure 4.24. Contours of time-averaged components of streamwise velocity <u>/U in
plan-view plane for the angle of attack 0=35° and yaw angle within the
range of 0°<B<20°. Minimum and incremental values are
[<u>/U]nin=0.1, and A[<u>/U]= 0.1 respectively.
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Figure 4.25. Contours of time-averaged components of transverse velocity, <v>/U in
plan-view plane for angle of attack 0=25° and yaw angle within the
range of 0°<B<20°. Minimum and incremental values are
[<v>/U]min=0.05, and A[<v>/U]= 0.05 respectively.
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Figure 4.26. Patterns of time-averaged components of transverse velocity, <v>/U in
plan-view plane for the angle of attack a=30° and yaw angle within the
range of 0°<B<20°. Minimum and incremental values are
[<v>/U]min=0.05, and A[<v>/U]= 0.05 respectively.
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Figure 4.27. Patterns of time-averaged components of transverse velocity, <v>/U in
plan-view plane for the angle of attack a=35° and yaw angle within the
range of 0°<B<20°. Minimum and incremental values are
[<v>/U]min=0.05, and A[<v>/U]= 0.05 respectively.
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4.3.1.3. Velocity Fluctuations

Root mean squares (rms) of streamwise, transverse and vertical velocities,
<Ums>/U, <Vimse>/U and <ws>/U normalized by free-stream velocity, U are
demonstrated in figures 4.28-4.30, figures 4.31-4.33 and figures 4.34-4.36
respectively. As shown in figures when delta wing is yawed, the magnitude of
[<Urms>/U]max increase gradually on leeward side while on windward sides’ decrease
gradually. In axially attached flow region, rms values of all velocity components are
lower than vortical flow regions.

At an angle of attack a=25°, the magnitude of [<Ums>/U ]max 1S 0.34 for yaw
angle p=0°. On the other hand, having yaw angle as p=20° the magnitude of
[<Ums>/U Jmax, ON windward side is 0.24 ,but, on leeward side is 0.6. Increasing
angle of attack, o to a value of 30°, for yaw angle B=0° the magnitude of
[<ums>/U]max IS equal to 0.38, but setting this yaw angle as f=20° the magnitude of
[<Ums>/U]max becomes equal to 0.20 on windward side and this magnitude of
[<Urms>/U]max promotes to a value of 0.45 in the region of leeward side.

Magnitudes of <v;ms>/U increase for a certain degree then decrease gradually,
moreover, maximum values of <v,ns>/U are seen on windward side. At an angle of
attack 0=25°, dimensionless transverse velocity, [<Vims>/U]max has a value of 0.27 for
yaw angle =0°, keeping the yaw angle, B at 8° dimensionless [<Vims>/U] max takes
maximum value such as 0.48. Setting this yaw angle, B to a value of 12°
dimensionless transverse velocity component, [<vims>/U]max falls to the lower values
such as 0.38 and for yaw angle f=16° and 20° it is almost 0.34. At an angle of attack,
for example, 0=30°, for yaw angle f=0° maximum value of [<Vims>/U]max IS 0.32, the
maximum value is obtained at yaw angle B=4° which is [Vims/U] max =0.36. Increasing
the yaw angle, B beyond 8°, the maximum value of [Vims/U]max falls around 0.24.

Magnitudes of maximum value of vertical velocity component [<Wims>/U]max
generally increase with yaw angle, B. At an angle of attack a=25°, when the yaw
angle,p is to 0° the magnitude of maximum value of dimensionless vertical velocity
component, [<Wyms>/U]max 1s 0.3, at B=16° it is 0.64, at p=20° it is 0.48. Rising the
angle of attack, o to a higher level, for example, 30° the magnitude of maximum
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value of dimensionless vertical velocity component, [<Wms>/U]max increases with
yaw angle, B up to yaw angle =8° then it falls gradually. At yaw angle p=0°, the
magnitude of maximum value of dimensionless vertical velocity component,
[<Wims>/U]max i almost 0.35. On the other hand, when yaw angle, B is equal to 8°
the magnitude of maximum value of dimensionless vertical velocity component,
[<Wims>/U]max reaches 0.5 and when yaw angle is f=20° it falls to 0.35. At an angle
of attack of 0=35°, [<Wms>/U]max iNcreases up to yaw angle of f=12° then it falls
gradually. At yaw angle B=0° [<Wms>/U]max IS 0.38, at yaw angle p=12° it is 0.46
and at p=20° it is 0.36.
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Figure 4.28. Contours of time-averaged components of rms of streamwise velocity,
[<ums>/U] in plan-view plane for the angle of attack a=25° and yaw
angle within the range of 0°<f<20°. Minimum and incremental values
are [<Ums>/U]min=0.05, and A[<Urms>/U]= 0.05 respectively.
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Figure 4.29. Patterns of time-averaged components of rms of streamwise velocity,
<Ums>/U in plan-view plane for the angle of attack 0=30° and yaw
angle within the range of 0°<B<20°. Minimum and incremental values

are [<Urms>/U]min=0.04, and A[<ums>/U]= 0.04 respectively.
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Figure 4.30. Patterns of time-averaged components of rms of streamwise velocity
<ums>/U in plan-view plane for the angle of attack 0=35° and yaw
angle within the range of 0°<f<20°. Minimum and incremental values

are [<Urm5>/U]min:0.04, and A[<Urms>/U]: 004 I’eSpeCtlve|y
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Figure 4.31. Patterns of time-averaged components of rms of transverse velocity,
<Vims>/U in plan-view plane for the angle of attack 0=25° and yaw
angle within the range of 0°<p<20°. Minimum and incremental values
are [<Vims>/U]min=0.03, and A[<vms>/U]= 0.03 respectively.
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Figure 4.32. Patterns of time-averaged components of rms of transverse velocity,
<Vrms>/U in plan-view plane for the angle of attack 0=30° and yaw
angle within the range of 0°<p<20°. Minimum and incremental values
are [<Vims>/U]min=0.015, and A[<vms>/U]= 0.015 respectively.
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Figure 4.33. Patterns of time-averaged components of rms of transverse velocity,
<Vrms>/U in plan-view plane for the angle of attack 0=35° and yaw
angle within the range of 0°<p<20°. Minimum and incremental values
are [<Vims>/U]min=0.01, and A[<vims>/U]= 0.01 respectively.
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Figure 4.34. Patterns of time-averaged components of rms of vertical velocity,
<wms>/U In plan-view plane for the angle of attack a=25° and yaw
angle within the range of 0°<B<20°. Minimum and incremental values
are [<Wyms>/U]min=0.04, and A[<wns>/U]= 0.04 respectively.
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Figure 4.35. Patterns of time-averaged components of rms of vertical velocity,
<wWms>/U in plan-view plane for the angle of attack a=30° and yaw
angle within the range of 0°<p<20°. Minimum and incremental values
are [<Wyms>/U]min=0.025, and A[<wms>/U]= 0.025 respectively.
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Figure 4.36. Patterns of time-averaged components of rms of vertical velocity,
<Wms>/U in plan-view plane for the angle of attack a=35° and yaw
angle within the range of 0°<p<20°. Minimum and incremental values
are [<Wims>/U]min=0.02, and A[<wns>/U]= 0.02 respectively.
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4.3.1.4. Spectral Analysis of the Streamwise Velocity Components

Figures 4.37-4.39 show the results of (Fast Fourier Transform) analysis of the
u velocity components on ums/U contours. As seen from figures, there are a certain
peak locations near vortex breakdown. Before and after vortex breakdown, peaks
were complex which represent that the flow is very unsteady. Especially after vortex
breakdown, flow becomes highly disordered and new small scale vortices take place
and this leads complicated velocity distributions, moreover, the magnitude of peaks
get lower values. For example, at an angle of attack a=25° and yaw angle f=20°,
peak is almost 9.20 where <umg/U> is maximum. Furthermore, on windward side
after vortex breakdown, maximum value decreases but flow structures are more
complex. Figures show that with increasing yaw angle, p flow gets more unsteady
behavior. Moreover, since all frequencies lower than 12 Hz, this frequency is

appropriate in order to acquire for PIV studies.
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Figure 4.37. Spectra S, of velocity fluctuations at selected locations, on <u;ns>/U at
angle of attack 0=25° and yaw angles =0° and =20°.
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Figure 4.38. Spectra S, of velocity fluctuations at selected locations, on <uyns>/U at
angle of attack 0=30° and yaw angles =0° and =20°.
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Figure 4.39. Spectra S, of velocity fluctuations at selected locations, on <u;ns>/U at
angle of attack 0=35° and yaw angles =0° and =20°.
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4.3.1.5. Reynolds Stresses and Turbulent Kinetic Energy

Reynolds normal stresses <u'u>/U?, <v'v">/U? and <w'w’>/U’ normalized by
the square root of the free-stream velocity, U? are presented in figures 4.40-4.42,
figures 4.43-4.45 and figures 4.46-4.48 respectively. Generally speaking when the
yaw angle, B increases values of [<u'u’>/U’]max also increase. While windward side
vortices broaden and pass the center of the delta wing, leeward side vortices shrink in
size in lateral direction. For angle of attack 0=25°, at yaw angle p=0° [<u'u>/U?]max
is 0.12 when taking the yaw angle, B as 20° the maximum value of [<u'u’>/U?]max
reach 0.38. At an angle of attack 0=30°, for yaw angle f=0°, the maximum value of
[<u'u>/U%]max is 0.15, and for yaw angle of B=20° it reach the level of 0.2 on
leeward side.

Contours of the normalized transverse velocity [<v'v’>/U?]max behaves like
<Vims> Magnitude of this Reynolds normal stress increase up to a certain value then
fall suddenly on leeward side. At 25° angle of attack, a, the maximum value of
[<v'v'>/U]maxis equal to 0.08, it reaches maximum value which is 0.24 at yaw angle
B=8°. For B=12° it suddenly falls to a value of 0.12 then it takes place over 0.1 for
B=16° and B=20°. At 30° angle of attack a, for 0° yaw angle, [<V’V’>/U2]max is equal
to 0.1, at yaw angle =4° this value becomes 0.11. Finally, for the yaw angle f=20°
the Reynolds normal stress [<v'v’>/U’]max is equal to 0.07. At an angle of attack
0=35° for yaw angle B=0°, the Reynolds normal stress, [<v'v'>/U?] max is Very low
such as 0.02, for yaw angle =20° it is equal to 0.04.

At an angle of attack a=25° for yaw angle f=0° the Reynolds normal stress
[<w'w'>/U%]max has a value of 0.225. When the yaw angle, p is set t012° it can be
seen that fluctuations in velocity components dramatically. This flow characteristics
is demonstrated by the numerical value of Reynolds normal stress [<w'w’>/U%]max
that is equal to 0.375. On the other hand, increasing the yaw angle, B to a higher
level such as B=20° the experimental results show that the numerical value of
Reynolds normal stress [<w'w’>/U’]max decreases to a lower value such as 0.225.
These results demonstrate that the region of flow separation enlarges over the surface
of delta wing and reduces the level of fluctuations. In summary, at an angle of attack
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0=30° for yaw angle p=0° the value of [<w'w">/U%]max is equal to 0.28. For yaw
angle p=4°, the value of [<w'w">/U%]max is equal to 0.32 then it starts to fall suddenly
and at yaw angle p=20° the value of [<w'w">/U%]max is equal to 0.2. At angle of
attack a=35° for yaw angle p=0° the value of [<w'w'>/U%]max is equal to 0.18 at yaw
angle p=12° the value of [<w'w'>/U?|nax is equal to 0.27 and p=20° the value of
[<w'W'>/U?]max is equal to 0.21.

Figures 4.49-4.51 demonstrate Reynolds stress correlations, <u'v'’>/U% At
yaw angle p=0°, [<u’v">/U%]max values can be seen in the leading edge vortices near
the leading edges whereas in attached flow region close to the center of the delta
wing minimum values of it can be seen. When delta wing is yawed, patterns of
<u'v’>/U? get more complex. Patterns of Reynolds stress correlations, <u'v'>/U?
behaves like <vins>/U; it increases up to a certain value then falls down abruptly.

Contours of the turbulence Kinetic energy normalized by square of the
freestream velocity, <TKE>/U? are presented in figures 4.52-4.54. In general, when
yaw angle, B is given to delta wing, while on windward side <TKE>/U? value
decreases, on the leeward side it increases. At an angle of attack a=25°, for yaw
angle B=0°, the values of [<TKE>/U?|nax is 0.24, for yaw angle p=8° the
[<TKE>/U’]max takes the value of 0.44 and all yaw angles higher than 12° the
[<TKE>/U?]max values becomes almost 0.3. At angle of attack a=30°, for yaw angle
B=0°, the [KTKE>/U%max is equal to 0.20, for yaw angle p=4° the [<TKE>/U%]max
gets a higher value for example, 0.30 and all yaw angles, B which are higher than 8°
the [<TKE>/U?]max gets almost 0.2 numerical value. At an angle of attack a=35°, for
yaw angle p=0°, the [<TKE>/U?]na has 0.22 value. But in the case of yawing delta
wing cause higher velocity fluctuations over delta wing in some regions, for example
for yaw angle p=4° the value of [<TKE>/U?]max is 0.32 and all yaw angles higher
than 8° the [<TKE>/U%]na value is almost equal to 0.24.

Lower TKE values on the windward side take place because of low
fluctuations of velocity components in this region. Even, If contours of time-
averaged velocity components <u>/U, <v>/U are examined carefully, it can be seen

that these values are also very low.
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Figure 4.40. Contours of Reynolds normal stress <u’u">/U? in plan-view plane for
angle of attack a=25° and yaw angle within the range of 0°<p<20°.
Minimum and maximum values, [<u’u'>/U2]min=0.025 and
A[<u'u>/U]=0.025 respectively.
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Figure 4.41. Contours of Reynolds normal stress <u'u">/U? in plan-view plane for
angle of attack a=30° and yaw angle within the range of 0°<B<20°.
Minimum and maximum  values, [<u’u'>/U2]min=0.02 and
Al<u'u’>/U?]=0.02 respectively.
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Figure 4.42. Contours of Reynolds normal stress <u'u">/U? in plan-view plane for
angle of attack a=35° and yaw angle within the range of 0°<p<20°.
Minimum and maximum  values, [<u’u’>/U2]min:0.Ol and
Al<u'u’>/U?]=0.01 respectively.
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Figure 4.43. Contours of Reynolds normal stress <v’v’>/U? in plan-view plane for
angle of attack a=25° and yaw angle within the range of 0°<p<20°.
Minimum and maximum values, [<vV'>/U]nin=0.02 and

A[<v'V'>/U?]=0.02 respectively.
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Figure 4.44. Time-averaged contours of Reynolds normal stress <v’v’>/U? in plan-
view plane for angle of attack a=30° and yaw angle within range of the
0°<p<20°. Minimum and maximum values, [<V’V’>/U2]min=0.01and
A[<v'V'>/U?]=0.01 respectively.
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Figure 4.45. Time-averaged contours of Reynolds normal stress <v'v’>/U” in plan-
view plane for angle of attack a=35° and yaw angle within the range of
0°<p<20°. Minimum and maximum values, [<V’V’>/U2]min:O.0025 and
A[<v'V'>/U?]=0.0025 respectively.
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Figure 4.46. Contours of Reynolds normal stress <w'w’>/U? in plan-view plane for
angle of attack a=25° and yaw angle within the range of 0°<p<20°.
Minimum and maximum values, [<wW>/U?]1in=0.025 and
A[<w'w'>/U?]=0.025 respectively.
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Figure 4.47. Contours of Reynolds normal stress <w'w’>/U? in plan-view plane for
angle of attack a=30° and yaw angle within the range of 0°<p<20°.
Minimum and maximum values, [<W’W’>/U2]min=0.02 and
A[<w'w'>/U?]=0.02 respectively.
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Figure 4.48. Contours of Reynolds normal stress <w'w’>/U? in plan-view plane for
angle of attack a=35° and yaw angle within the range of 0°<p<20°.
Minimum and maximum values, [<wW>/U?]1i»=0.015 and
A[<w'w'>/U?]=0.015 respectively.
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Figure 4.49. Time-averaged contours of Reynolds stress <u'v’>/U? in plan-view
plane for angle of attack a=25° and yaw angle within the range of
0°<B<20°. Minimum and maximum values, [<u’V’>/U2]min:0.001 and
A[<u'v'>/U?]=0.004 respectively.
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Figure 4.50. Contdurs of Reynolds stress <u'v’>/U? in plan-view plane for angle of
attack a=30° and yaw angle within the range of 0°<p<20°. Minimum

and maximum values, [<u'V'>/U?*];in=0.003 and A[<u'v’>/U?]=0.004
respectively.
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Figure 4.51. Time-averaged contours of Reynolds stress <u'v’>/U’ in plan-view
plane for angle of attack a=35° and yaw angle within the range of
0°<B<20°. Minimum and maximum values, [<u'v'>/U2]min=O.002 and
A[<u'v'>/U?]=0.003 respectively.
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Figure 4.52. Contours of turbulence kinetic energy <TKE>/U? in plan-view plane for
angle of attack a=25° and yaw angle within the range of 0°<p<20°.
Minimum and maximum value of [<TKE/Umn= 0.02 and
[<TKE/U?]= 0.02 respectively.
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Figure 4.53. Contours of turbulence kinetic energy <TKE>/U? in plan-view plane for

angle of attack a=30° and yaw angle within the range of 0°<p<20°.

Minimum and maximum value of [<TKE/U’]min= 0.015 and
[<TKE/U?]= 0.015 respectively.
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Figure 4.54. Contours of turbulence kinetic energy <TKE>/U? in plan-view plane for

angle of attack a=35° and yaw angle within the range of 0°<p<20°.
Minimum and maximum value of [<TKE/U%]ms= 0.02 and
[<TKE/U?]= 0.02 respectively.
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4.3.2. Side view plane experiments

In this chapter, effects of yaw angle, f on windward side leading edge vortex
were investigated in side-view plane. As angles of attack, a were chosen as 30° and
35° and yaw angles, B were selected as 0°,4°,12° and 20°. Laser reflection region
near the apex of the delta wing was masked in order to avoid misreading.

In this section time-averaged velocity vectors, <V>, streamlines, <¥>,
vorticity <o>, and u and w velocity components and velocity fluctuations of the
windward side leading edge vortex were examined. In addition to plan-view plane
experiments, side-view experiments revealed that large scale vortices occurred in
windward side after onset of vortex breakdown interacts with leeward leading edge

vortex to cause 3-Dimensional flow structures.

4.3.2.1. Time-Averaged Vectors, Streamlines, and Vorticity Patterns

Figures 4.49 and 4.50 present time-averaged velocity vectors <V>, figures
4.55 and 4.56 show time-averaged streamlines <¥> and figures 4.57 and 4.58 show
time-averaged vorticity contours. As can be seen in figures, streamlines with varying
yaw angle, B flow characteristics changes dramatically in this plane. Moreover,
leading edge vortex-delta wing interaction can be seen in this plane also. In this plane
vortex breakdown takes place where positive and negative vorticity interchange the
locations.

At an angle of attack a=30° and yaw angle f=0°, a divergent bifurcation line,
Li a saddle point, S and a foci, F take place. At yaw angle B=4°, a divergent
bifurcation line, L;, at yaw angle p=12° two divergent bifurcation lines L;, at yaw
angle f=20° a bifurcation line, a saddle point S and a focus F also occurs in the
measurement plane.

At an angle of attack a=35° and yaw angle $=0°, a divergent bifurcation line
Li, moves towards a saddle point S or stagnation point where velocity along the axis
of leading edge vortex becomes zero , and downstream of this saddle point focus F is

developed. At a yaw angle f=4°, a convergent bifurcation line Lo which indicates
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that vortex breakdown moves towards the apex of delta wing and a focus F takes
place. At higher yaw angles, P critical points cannot be seen over the cross section of
measurement.

The numerical value of positive vorticity, <o> which is indicated by a solid
line is higher than negative vorticity values, <®> which is designated with a dash
line. As can be seen from figures maximum vorticity takes place along the in the
forward region or close to the apex of the delta wing before onset of vortex
breakdown. But downstream of this vortex breakdown a negative vorticity take
place. As yaw angle, B [<o>]max IS increased this onset of vortex breakdown moves
towards the leading edge causing a large region of stall flow region which is

indicated by a negative vorticity [<®>]max
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Figure 4.55. Patterns of time-averaged velocity vectors, <V> in side-view plane for
angle of attack, a=30° and yaw angles within the range of 0°<B<20°.
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Figure 4.56. Patterns of time-averaged velocity vectors, <V> in side-view plane for
angle of attack a=35° and yaw angles within the range of 0°<p<20°.
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Figure 4.57. Patterns of time-averaged streamline <¥> in side-view plane for angle
of attack a=30° and yaw angles within the range of 0°<p<20°.
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Figure 4.58. Patterns of time-averaged streamline, <¥"> in side-view plane for angle
of attack 0=35° and yaw angles within the range of 0°<B<20°.
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Figure 4.59. Contours of time-averaged vorticity, <o> in side-view plane for angle of
attack 0=30° and yaw angles within the range of 0°<f<20°. Minimum
and incremental values are [<w>]min=1 and A[<w>]=1.
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Figure 4.60. Contours of time-averaged vorticity, <o> in side-view plane for angle of
attack a=35° and yaw angles within the range of 0°<f<20°. Minimum

and incremental values are [<®>]min=1 and A[<®>]=1.
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4.3.2.2. Velocity Components

Figures 4.61 and 4.62 represent streamwise velocity component, <u/U> and
figures 4.63 and 4.64 represent vertical velocity, <w/U> component. In the figures in
addition to colourful contours, black lines present positive values and white lines
present negative values. As can be seen from these figures maximum values of
<u/U> are taken please a lower region of images. Downstream of vortex breakdown
region a negative values <u/U> are seen but magnitude of negative <u/U> values are
smaller than the positive values of <u/U> as a result wake flow regions that occurs
downstream of onset of vortex breakdown. With increasing yaw angle, B, streamwise
velocity, <u/U>] component decreases and these low values of velocities are seen
near the apex. Figures of <u/U> clearly show recirculation zone. Vertical velocity
component, <w/U> values are lower than streamwise velocity component <u/U>
with increasing yaw angle, 3 in wake region [<w/U>]max INCreases.

At an angle of attack a=30°, for yaw angle of f=0°, streamwise velocity
[<U/U>]max component is equal tol.2 and for yaw angle of B=20°, streamwise
velocity, [<u/U>]max component has lower value such asl.1. At an angle of attack
a=35°, for yaw angle of B=0°, streamwise velocity component increase to higher
value of [<u/U>]nax=1.4 ,on the other hand, for yaw angle of p=20°, streamwise
velocity, [<u/U>]nax component has a smaller magnitude of angle of attack of a=30°
and yaw angle of f=0° which is equal tol.1.

Values of the <w/U> decrease with yaw angle, B in the wake region or
downstream of onset of vortex breakdown and numerical values of <w/U> is
negative. These negative transverse velocity, <w/U> components cover a larger area
with varying yaw angle, B near the surface of the delta wing which demonstrate
occurrence of flow separation. At an angle of attack of a=30° and yaw angle of f=0°,
transverse velocity component is [<w/U>]na=0.24, at a yaw angle of B=4°
transverse velocity component [<w/U>]max gets a highest value such as0.4 . A further
increase, for example, at a yaw angle of P=20° transverse velocity component

[<W/U>]max is equal to 0.2. In the case of angle of attack 0=35° and for all values of
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yaw angle transverse velocity component [<w/U>]max  gets smaller values. These

distributions of velocity contours reveal the effectiveness of separations.
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Figure 4.61. Contours of time-averaged streamwise velocity, <u>/U component in
side-view plane for angle of attack a=30° and yaw angle within the
range of 0°<B<20°. Minimum and incremental values are;
[<u>/U]min=0.1 and A[<u>/U]=0.1.
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Figure 4.62. Contours of time-averaged streamwise velocity component, <u>/U in
side-view plane for angle of attack of 0=35° and yaw angles within the
range of 0°<B<20°. Minimum and incremental values are
[<u>/U]min=0.1 and A[<u>/U]=0.1 respectively.
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Figure 4.63. Contours of time-averaged transverse velocity component, <w>/U in

side-view plane for angle of attack a=30° and yaw angles within the
range of 0°<p<20°. Minimum and incremental values, [<w>/U]nin=0.01
and A[<w>/U]=0.02 respectively.
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Figure 4.64. Contours of time-averaged transverse velocity component, <w>/U in
side-view plane for angle of attack of o=35° and yaw angles within the
range of 0°<B<20°. Minimum and incremental values are
[<W>/U]min=0.02 and A[<w>/U]=0.02 respectively.
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4.3.2.3. Velocity Fluctuations

Figures 4.65 and 4.66 demonstrate root mean square, rms of streamwise
velocity component, <umg/U>, figures 4.67 and 4.68 demonstrate rms of vertical
velocity component, <w,ms/U>. In general, turbulent flow structures, enlargement of
wake regions, turbulent quantities such as Reynolds stress correlations and the root
mean square of the velocity components vary as a function angles of attach and yaw
angles. As can be seen from figures, with increasing yaw angle velocity fluctuations
increase in stall regions. For example, at an angle of attack of 0=30° and yaw angle
of B=0° the magnitude of [<Uyns/U>]max is equal to 0.18 , at a yaw angle of f=4°, this
magnitude of [<Umms/U>]max is equal to 0.22. In the case of angle of attack of 0=35°
and yaw angle of f=0° the magnitude of [<wms/U>]max riches the value of 0.38 and
at yaw angle f=20° [<urms/U>]max is 0.14. At an angle of attack 0=30° and yaw angle
of B=0° [<Wims/U>]max is almost 0.165 and at yaw angle of B=20° [<Wyms/U>]max IS
0.45. At angle of attack a=35° and yaw angle =0° [<Wms/U>]max IS almost 0.18 and
at yaw angle f=20° [<wms/U>]max iS almost 0.18 also. It can be concluded that there
are similarly between data that are obtained in side view and plan view planes.
Generally, velocity fluctuations and related parameters are higher downstream of

vortex breakdown in wake flow regions.
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velocity component, <ums>/U in side-
view plane for angle of attack a=30° and yaw angles within the range of
0°<p<20°. Minimum and incremental values are [<Ums>/U]min=0.02
and A[<ums>/U]=0.02 respectively.

Figure 4.65. Contours
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Figure 4.66. Contours of rms of streamwise velocity component, <ums>/U in side-
view plane for angle of attack a=35° and yaw angles within the range of
0°<B<20°. Minimum and incremental values are [<Ums>/U]min=0.01and
A[<Ums>/U]=0.03 respectively.
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Figure 4.67. Contours of rms of vertical velocity component, <wms>/U in side-view
plane for angle of attack a=30° and yaw angles within the range of
0°<B<20°. Minimum and incremental values are [<Wms>/U]min=0.01
and A[<Wns>/U]=0.01 respectively.
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plane for angle of attack a=35° and yaw angles within the range of
0°<B<20°. Minimum and incremental values are [<Wyms>/U]min=0.01
and A[<wns>/U]=0.01 respectively.
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4.4. Surface Pressure Measurement

Static pressure distribution over the delta wing is presented in figures 4.69-
4.83. X axis show local dimensionless chords of the delta wing corresponding
stations and Y axis shows static pressure distributions for yaw angles, in the range of
0°<p< 20°. In order to examine coefficient of pressure, —C,, distribution in detail for
each angles of attack new graphic for —C,, distributions were presented. As can be
seen in figures related to the pressure distributions, varying yaw angle,  from 0
degree to a higher degree, coefficient of pressure, Cp increases which induce more
suction. At x/c 0.7 and 0.9 secondary vortices are clearly seen. When delta wing is
yawed pressure distributions over the surface of the delta wing alter suddenly.
Generally speaking as can be seen from figures with yaw angle, B, pressure
coefficient, C, on the windward side decrease in all x/c stations but this pressure
coefficient, C,on the leeward side do not show a regular variation, in some cases an
increase are detected and in some cases a reduction are detected.

At an angle of attack of a=25°, the value of pressure coefficient, C, on the
windward side of the delta wing decreases for all stations. In distributions of pressure
coefficient, C, regular variation cannot be seen, at locations x/c 0.2 and 0.3 on
leeward side. But, increasing yaw angle, B, pressure coefficient, C, increases
gradually, but at further stations close the central axis of wing pressure coefficient,
Cp values decrease suddenly and get lower value than B=0° but higher than those
results that occur on the windward side. As mentioned in the surface oil visualization
section, at an angle of attack a=25°, on leeward side secondary vortices does not
vanish so secondary vortices have influence on pressure distribution over the surface
of the delta wing. At an angle of attack a=30°, C, values of the windward side
decrease in all stations just as angle of attack 0=25°. On leeward side at x/c 0.2 up to
12 yaw angle, B but for 20° yaw angle, B at a location y/s=0 however it increases,
and gets lower value than 16, at y/s=0.43, after 12° yaw angle B, pressure coefficient,
C, starts to fall and gets higher value than 8° yaw angle, . At other station, for
example, at x/c stations with yaw angle, B on the leeward side pressure coefficient,

Cp values decrease gradually. For the angle of attack 0=35°, generally, on the
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windward side pressure coefficient, C, values decrease with yaw angle, § at all
stations. For the leeward side, at x/c 0.2 stalled pressure distribution takes place
without variations which indicates the occurrence of typical separation at yaw angle
of f=20°. When yaw angle, B is increased, suction peak values of pressure fall and at
this angle of attack, o, on both leeward and windward side similar results are
obtained. As can be seen from figures at higher angles of attack, a adverse effects are

higher on pressure distribution on both sides.
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Figure 4.69. Distributions of pressure coefficient, (-C,) over surface of the delta wing
at x/c 0.2 at an angle of attack, 0=25° and yaw angles within the range
of 0°<p<20°.
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Figure 4.70. Distributions pressure coefficient, -C, over surface of the delta wing at
x/c 0.3 at an angle of attack, a=25° and yaw angles within the range of

0°<p=<20°.
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Figure 4.71. Distributions of pressure coefficient, -C, over surface of the delta wing
at x/c 0.5 at angle of attack, 0=25° and yaw angles within the range of
0°<p=<20°.
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Figure 4.72. Distributions of pressure coefficient, -C, over surface of the delta wing
at x/c 0.7 at an angle of attack, 0=25° and yaw angles within the range
of 0°<p=<20°.
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Figure 4.73. Distributions of pressure coefficient, -C,, over surface of the delta wing
at x/c 0.9 at angle of attack, 0=25° and yaw angles within the range of

0°<p=<20°.
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Figure 4.74. Distributions of pressure coefficient, -C,, over surface of the delta wing
at x/c 0.2 at an angle of attack, 0=30° and yaw angles within the range
of 0°<p=<20°.
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Figure 4.75. Distributions of pressure coefficient, -C,, over surface of the delta wing
at x/c 0.3at an angle of attack, a=30° and yaw angles within the range

of 0°<p<20°.
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Figure 4.76. Distributions of pressure coefficient, -C, over surface of the delta wing
at x/c 0.5 at an angle of attack, 0=30° and yaw angles within the range

of 0°<p<20°.

150



4. RESULTS AND DISCUSSION

flyas KARASU

x/c=0.7

yls

-1 -08 -06 -04 -02 '0 02 04 06 08 '1

Figure 4.77. Distributions of pressure coefficient, -C, over surface of the delta wing
at x/c 0.7 at an angle of attack, 0=30° and yaw angles within the range
of 0°<p=<20°.
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Figure 4.78. Distributions of pressure coefficient, -C, distribution over surface of the
delta wing at x/c 0.9 at an angle of attack, a=30° and yaw angles within

the range

of 0°<p<20°.
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Figure 4.79. Distributions of pressure coefficient, -C, distribution over surface of the

delta wing at x/c 0.2 at an angle of attack, a=35° and yaw angles within

the range of 0°<p<20°.
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Figure 4.80. Distributions of pressure coefficient, -C, distribution over surface of the
delta wing at x/c 0.3 at an angle of attack, a=35° and yaw angles within
the range of 0°<p<20°.
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Figure 4.81. Distributions pressure coefficient, -C, over surface of the delta wing at
x/c 0.5 at an angle of attack, a=35° and yaw angles within the range of

0°<B<20°.
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Figure 4.82. Distributions pressure coefficient, -C, distribution over surface of the
delta wing at x/c 0.7 at an angle of attack, a=35° and yaw angles within

the range of 0°<p<20°.

153



4. RESULTS AND DISCUSSION

flyas KARASU

17 x/c=0.9
] —.

0.8

0.6

Qo

0.4
| p=0°

0.2 — A — B=4°
i —-¥-— p=8°
| — > — p=12°
| — & — p=16°
| —e— p=20°
008706 04 02 8 02 04 06 08 1

yls

Figure 4.83. Distributions of pressure coefficient, -C, distribution over surface of the
delta wing at x/c 0.9 at an angle of attack, a=35° and yaw angles within

the range o

f 0°<p<20°.
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5. CONCLUSIONS AND RECOMMENDATIONS
5.1. Conclusions

In the present experimental investigation; vortex formation, development and
breakdown over a flat plate delta having with 70° sweep angle, A for different flight
conditions are investigated qualitatively and quantitatively using different
experimental techniques. As a qualitative experiments, dye visualizations and surface
oil experiments and as a quantitative experiments a stereo PIV technique and
experiments of surface pressure measurements were conducted. Dye visualizations
and stereo PIV experiments were performed in a water channel at the Reynolds
number, Re=20x10°. Experiments of surface oil visualization and surface pressure
measurement were performed in a wind tunnel at the Reynolds number, Re=10x10*.
Angles of attack, a varying within the range of 25°<a<35° and yaw angles,  within
the range of 0°<p<20° are selected for whole experiments.

Experimental results reveal that symmetrical flow structures alter as a
function of yaw angle, B. Furthermore at high angles of attack, a and under variations
of yaw angle, B these changes in symmetrical flow structures are remarkable. Yaw
angle, B has strong effect on the fluctuations of velocity components u, v and w,
Reynolds stresses, <u'u>/U% <v'v'>/U?, <w'w">/U” and pressure coefficients, C,
over the surface of the delta wing.

In terms of dye visualization, detailed experiments were conducted in plan-
view and side-view planes in order to demonstrate vortical flow structures under the
effect of yaw angles, B. In order to specify vortex breakdown locations, trajectories
of the leading edge vortices and interactions of these leading edge vortices were
qualitatively examined. These experiments revealed that with increasing yaw angle,
B symmetrical flow structures deteriorate continuously. For instance, breakdown
location of the windward leading edge vortex moves towards the apex of the delta
wing, leeward vortex breakdown location moves far away from the trailing edge of
the delta wing. Disorganised vortices occurred downstream of onset of vortex

breakdown in the windward region spreads over majority of the delta wing surface
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while in the leeward side an ordered leading edge vortex shrinks in size and onset of
vortex breakdown moves towards the leading edge. Dye visualizations in side-view
plane demonstrate that with increasing angle of attack, a and yaw angle, 3 a strong
Kelvin-Helmholtz vortices form and interactions between leading edge vortices and
the surface of the delta wing are magnified which may lead to unsteady loading of
delta wing such as buffeting.

At an angle of attack of 0=25% with yaw angle of f=0°, windward side vortex
breakdown takes place at a location of x/c=0.95, on the other hand, having same
angle of attack of a=25" and increasing yaw angle to a value of p=20° this windward
side vortex breakdown takes place at a location of x/c=0.45 close to the midpoint of
cord axis. For larger angle of attack such as 0=35° with zero yaw angle, B, this
windward side vortex breakdown takes place at a location of x/c=0.57 ,but, providing
a yaw angle of f=20° this windward side vortex breakdown moves upward direction
close to the apex, x/c=0.1.

The experiments for quantitative observations, stereo PIV and surface
pressure measurements were performed. In terms of instantaneous velocity data
measured , in plan-view plane by means of the stereo PIV technique , time-averaged
velocity vector, <V>, patterns of streamline, <¥>, vorticity contours, <>, velocity
components, <u>/U, <v>/U, <w>/U, rms of velocity fluctuations, <ums>/U,
<XVims>U, <wims>/U, Reynolds stresses <u’u’>/U2, <V’V’>/U2, <w'w™>/U? and
turbulence kinetic energy, TKE are determined.

In Plan-view plane vorticity distributions show that at yaw angle, p=0° there
are three pairs of vortices in the measurement plane. These vortices are; main
vortices, M, secondary vortices, S and outer vortices O. With increasing yaw angle,
B secondary vortices diminish and windward side leading edge vortex breakdown in
an earlier stage caused disordered vortices occupying a large area of the delta wing
whereas leeward side leading edge vortices keep whirling in narrow gaps without
developing onset of vortex breakdown over the wing surface.

In plan-view plane time-averaged streamline patterns, <y>, reveal that flow
becomes more complicated and windward side leading edge vortex spread over the

delta wing. At angle of attack a=25° any important critical points are detected. At
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angle of attack of a=30° important critical points are not detected up to yaw angle of
B=12°. At yaw angle, f=20°, a convergent bifurcation line, Lo, then a saddle point, S,
and a foci point F take place. At angle of attack, 0=35° important critical points are
not detected up to 8°, at yaw angle, p=20° a foci points, F is developed then a
convergent bifurcation line, Lo and a saddle point, S are detected.

In side-view plane at angle of attack, 0=30° for yaw angles f=0° and p=20° ,
a divergent bifurcation L; a saddle point, S and a foci point, F take place. At yaw
angle, p=20° these points take place further upstream of the delta wing and foci point
F is enlarged. At angle of attack, 0=35° and yaw angle, f=0°, a divergent bifurcation
L; then a saddle point, S and a foci point F take place and at yaw angle, f=20°
important critical points are not detected.

On one hand, an increase of yaw angle, B causes to decrease time-averaged
streamwise velocity component, <u>/U in windward region on the other hand, it
provokes to increase this time-averaged streamwise velocity component, <u>/U in
leeward region close to the leading edge. In additions, dimensionless <u>/U does
not take negative values at an angle of attack of a=25° but in the cases of angles of
attack of 0=30° and 0=35°, dimensionless <u>/U take negative values. Furthermore,
with increasing yaw angle, B to a higher level of magnitudes of negative <u>/U get
higher numerical values. In summary, the experimental results reveal that values of
<u>/U vary with in the range of 0.05<[<u/U>]<1.2 at an angle of attack of a=25° in
plan-view plane, but, for highest angles of attack, a for example, a=35°, the values of
<u>/U vary with in the range of -0.3< [<u>/U] <1.6 at yaw angles, f in the range of
0°<p<20°

In side-view plane, <u>/U with increasing yaw angle, p magnitudes of <u>/U
component decreases and these low values of velocities are seen near the apex,
furthermore, with increasing yaw angle, [ absolute value of negative streamwise
velocity component, <u>/U.

Positive and negative values of transverse velocity component, <v/U> take
places over the plane-view plane for all experiments. But, increasing yaw angle, 3
magnitudes of <v/U> decrease. At an angle of attack of a=25° and yaw angle, 3=0°,

the magnitudes of <v>/U vary from -0.9 to 0.9 but taking the yaw angle as f=20° the
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magnitudes of <v>/U vary between -0.26 and 0.35. For larger angles of attack, 0=35°
and yaw angle, f=20° values of <v>/U take place.

Magnitude of rms of streamwise velocity component [<umms>/U]max increase
gradually on leeward side while on windward sides these values decrease gradually.
Magnitudes of rms of the cross-stream velocity [<vims>/U] max increase for a certain
degree then decrease gradually, moreover, maximum values of [<Vims>/U] max are
seen on windward side.

Magnitudes of maximum value of vertical velocity component <wms>/U
generally increase with yaw angle, B. Fluctuations in the root-mean-square of vertical
velocities, <wms>/U, increase because of the disintegration of a coherent leading
edge vortices in the region downstream of onset of vortex breakdown.

When the yaw angle, B increases values of magnitude of <u'u’>/U? increase
as well. Magnitudes of the <v'v’>/U? and <w'w'>/U? increase up to a certain value
then decrease suddenly. Turbulent kinetic energy <TKE>/U? values decreased on
windward side where very low magnitude of streamwise velocity components,
<u>/U take place whereas it increased on leeward side.

By means of surface pressure measurements, pressure coefficients, Cp over
the suction surface of delta wing are also determined. Surface pressure distributions
reveal that to a certain level of yaw angle, B, pressure suction peak increases in the
leeward side but at a high yaw angles, B pressure suction peak decreases suddenly. In
windward side, generally, these pressure coefficients, C, decrease gradually.

Although large scale vortices are developed with certain natural frequency
after the collapsing point of leading edge vortices, these large scale vortices interacts
with each other to produce randomly fragmented vortices. Swirling intensity of
vortices calm down in the case of high yaw angle, B at a high angles of attack, o due
to the direction of free-stream flow. Namely, some part of oncoming fluid drains
over the pressure surface from the windward side to the leeward side of the delta
wing causing high rate of flow separation in the suction side. But, swirling intensity
of leading edge vortices on leeward side is magnified due to the large amount of fluid
emanating from the windward side because of redirecting of fluid by the striking

surface of delta wing exposed to the free-stream flow.
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Asymmetric flow structure over the delta wing can lead adverse effects on
aerodynamic performance and stability derivatives. Side view experiments reveal
that leading edge vortices cause unsteady loading on the surface of delta wing when

onset of vortex breakdown takes place as a function of yaw angles, .

5.2. Recommendations for Future Studies

In the present study, force measurements were not conducted. In order to
provide further information about effects of yaw angle, B on the aerodynamic
parameters of delta wing, force measurements or calculations on two halves of the
delta wing is inevitably necessary. Obtaining lift information over the surface of the
delta wing, it can provide further information related to the stability problems of
wings such as spin characteristics or tail optimization.

In order to improve aerodynamic performance of the delta wing, control
techniques for both leading edge vortices must be applied. Control of disorganized
vortices can be investigated in more detail. For windward side leading edge vortices
which burst earlier, a selected control technique must be focused on delaying vortex
breakdown. Windward side leading edge vortex may be controlled using active or
passive control techniques in order to delay onset of vortex breakdown. Delaying of
vortex breakdown can improve aerodynamic performance and lessen unsteady
loading on the surface of delta wing. Blowing, suction or perturbation can be applied
as a control technique. For leeward side leading edge vortices, an appropriate control
method can be focused on moving the core of the vortex towards the central axis of

wing in order to obtain symmetrical flow structures over the delta wing.
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Vorticity Evaluation

For 2-D flows, the out-of-plane component of vorticity is expressed as:

(Yayla,2009,Y aniktepe,2006):

o-Ltfov_au
2\ Ox oy

This expression can be computed by using finite difference method in order

to solve numerically. Using central differences at an interior point:

0 :E{VG+LD—VG—Lj)_u@j+D—u@j—D

"2 26, 26,

The stokes theorem can be formulated as:

Assuming that the vorticity is constant at all unit surface formed by the four

grid cells surrounding a given point, the vorticity of that point can be written as:

o=t §mf
45,5,

In this expression, the integral is the circulation of the velocity around the

path formed by the sides of the unit surface.
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Bilinear Interpolation
A bilinear least square fit technique can be used in order to fill the gaps left in
the data grid by the interrogation system NFILVB (Yayla,2009,Y aniktepe,2006).
Knowing the data values u,....., U, at the N nearest neighbor location of a
point where the data u is missing, the important point is to find a value for u that does
not deviate too much from these known values. Due to realize this purpose, merit

function needs to be minimized as:

Ju _“|2

N
x'=
k=1

Oy

As suggested by Adrian et al., NFILVB applies this method to a linear model
of the u and v components of velocity:

U=a,+a,x+a,y

v=Dhb, +bXx+b,y

using the 5 nearest neighbors of a missing data. When the measurement errors oy on

each data of uy they are set to 1. The minimum of the merit function:

5
ZZ = Z|Uk —(a +a1X+a2y)|2
k=1

occurs when:
%(Xk’yk):%O(k’yk):%(xk’yk):O for k=1,.....,5
oa, 0a, oa, e

This is a linear system which consists of 15 equations and 3 unknowns that is
solved using the Singular Value Decomposition (SVD) technique which is described
in Numerical Recipes books.
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Gaussian Smoothing
In order to reduce the measurement noises in the velocity data from PI1V, a

local weighted averaging technique is used in NFILVB. The weights used are
Gaussian (Yayla, 2009, Yaniktepe,2006):

U(Xi’yj): Z Zwkmu(xi—k’yj—m)

m=—4k=—4
where:
a) m
ka = 4
z Za)km
k=—4m=-4
2(k%+m?)
2
O, =€ °

The parameter ¢ is the smoothing parameter that the user is asked for when
running NFILVB. It controls how fast the Gaussian o is decaying which determines

the contributions of the surrounding points to the average value.

Averaged Flow Structure

Averaged quantities calculation was made according to the equations listed
in the following table. Each averaged parameter was calculated at each spatial
coordinate (X,y) considering the average of all instantaneous values (x,y). The
terminology for each averaged parameters and the dimensionless equation employed

to determine the averaged parameter as follows: (Yayla,2009,Y aniktepe,2006)
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<V>= averaged (or mean) total velocity

N
<V >= inn (X, )
N n=1

<u>= averaged value of streamwise component of velocity

1 N
<u>==>u,(xy)
N =

<u>= averaged value of transverse component of velocity

1 N
<v >E—Zvn(x, y)
N n=1

<m>= mean value of vorticity

N
<o >EiZa)n(X, y)
N n=1

Urms= root-mean-square of u component fluctuation

N

1 2 %
Upps S<U > s = |:W2[un(xi y)_ < U(X, y) >] }

n=1

Vims= root-mean-square of v component fluctuation

N

1 17
Vims =<V 2 = |:WZ[Vn (X1 y)_ < V(X, y) >] :|

n=1

<u’v’> = averaged value of Reynolds stress correlation
1 1 1 N
<uv>=— 3, (Y- <u( ) >y, (06 y)- < vixy) ]
n=1
TKE=a mean Turbulent Kinetic Energy (TKE) value

TKE:%(U_'Z+F+F)
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Spectral Analysis
Spectral analysis can be expressed as fllowing procuders (Yaniktepe,2006).

o0

— 1 iatr
Sy (@)= j R, (rl*dr

— 17 iate
S, ()= [R, (0l dr

—00

their accompanying transform relations are expressed as follow:

1 % |
R, (7) = g ISXy(w)e'wfdw

1 K ot "
Ry(0) = [S,(@k do

In order to cross-correlation functions are related by Rxy(t) = Ryx(-1), S, (») is given

as in the form of:

1 r —-ior
Sy(@)= 27 - Ry, (-7 dz by substituting 7'=—7 :
17 o
S (w)=—|R ('™ dr'
xy( ) 272' J yx( )e

—00

can be obtained. Since FFT originally works with complex data to write this equation

in the complex form, let x(t) is a fuction of time, with period T,

> 27kt sin 27kt
x(t)=a, + a, CoS +b
(t) Z( b — j

where a,, a.and b, are constant Fourier coefficients given as:
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YV
8= jx(t)dt

y
a, :g I x(t)cosz—ﬂktdt
Y
b, =3jx(t)sin2—”ktdt
5T T

Substituting for ao=0;

V4
| 2 27kt 27Kt <3| 2 27kt .27kt
x(t):;{? .f/x(t)cos?dt}cos?+;{_r j/x(t)sm?dt}sn s

Next substituting for ®k T and T

k=1 _-V _V

When the period T —> o0,Aw — d® and the sum sign becomes an integral with the

%
X(t) = Z{ Ix(t)coseo tdt}coswt+2{ .[x(t)sin a)ktdt}sin ot
limits @ =0to @ =00 . In this case;

X(t) = j {jx(t)cosw tdt}cosw t+fd:{Ix(t)sin a)ktdt}sin ot

—00 —00 —00

or putting

Alw) = 1 jx(t) cos wtdt
2r

1%
B() =~ j X(t) sin wtdt
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gives X =2 Al@)cosatdt +2[ B(@)sin atdt
0 0

This equation is a s a representation of x(t) by a Fourier integral of inverse Fourier
transform and the terms A(w) and B(w) are the components of the Fourier transform
of x(t) . In order to write A(®) , B(®w) and x(t) in complex form making use of the
result that;

e’ =cos@+isind
Defining

X (@) = A(®) + B(®) equations may be combined to give
l ( 101 l ( —iawt
X(w) = —I X(t)(cosat —isin wt)dt = —I X(t)e ' dt
27+ 27+

The latter equation is the formal definition of X(w) which is called the fourier

transform of x(t). S, (w) can be written with respect to A(w) , B(®);
S,,(©) = A(0) ~iB(w)

And

S, (w) =C(w)-iD(w)

where A(w), B(w), C(w) and D(w) are real functions of ®. The amplitude of the any

signal is calculated,
Amplt? = A* + B?
Phase =arctan(B/ A)
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