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ABSTRACT

INSIGHT INTO THE FLOW CHARACTERISTICS DOWNSTREAM OF
MICRO VORTEX GENERATORS

Akpolat, Muhiddin Tugrul
Doctor of Philosophy, Aerospace Engineering
Supervisor : Asst. Prof. Dr. Mustafa Pergin

September 2023, 160 pages

This study investigates the wake characteristics of Micro Vortex Generators (MVGs)
in a subsonic flow regime. First, the wakes generated by three ramp-type MVGs with
different height-to-boundary layer thickness ratios (h/d) are characterized
experimentally using a two-dimensional two-component particle image velocimetry
technique. The experimental results are complemented with three-dimensional
numerical simulations for five different h/d ratios ranging from 0.18 to 0.54. The
effect of the device height, or the h/d ratio, is investigated in terms of velocity
components, vorticity distributions, turbulence properties, and various decay
parameters, such as maximum streamwise velocity deficit and maximum upwash
velocity, using five different device heights employing the experimental and
numerical results. The self-similarity of the ramp-type MVG wake in terms of
streamwise and wall-normal velocity components is investigated. The wake flow
properties are then compared to similar types of MVGs operating in the supersonic
regime available from the literature. The experimental and numerical results reveal
general operating principles and wake decay characteristics in the low subsonic flow
regime, which display similar characteristics to MVGs of similar h/6 values

operating at supersonic conditions. It is shown that the vortex strength, and thus



mixing and wake decay characteristics, depend on the effective device Reynolds
number regardless of the Mach number. A wake model is suggested by using the
self-similarity of the ramp-type MVGs and the wake decay parameters. Using the
detailed investigation of the decay parameters for the modeling efforts, a method to
designate the limit between MVGs and conventional (8-scale) vortex generators is
suggested based on the wake deficit decay characteristics. The model is then used to
reconstruct wakes of ramp-type MVGs in supersonic flow regimes from the

literature.

Keywords: Micro Vortex Generators, Flow Control, Experimental Aerodynamics,

Computational Fluid Dynamics
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MIiKRO GIRDAP URETECLERININ iZ BOLGELERININ
KARAKTERISTIKLERI UZERINE BiR CALISMA

Akpolat, Muhiddin Tugrul
Doktora, Havacilik ve Uzay Miihendisligi
Tez Yoneticisi: Yrd. Dog. Dr. Mustafa Pergin

Eyliil 2023, 160 sayfa

Bu calisma, diisiik sesalt1 bir akis rejiminde Mikro Girdap Ureteclerinin (MGU’ler)
iz bdlgesi karakteristiklerini arastirmaktadir. ilk olarak, farkli yiikseklik-sinir tabaka
kalmlig1 oranlarina (h/8) sahip ii¢ rampa tipi MGU tarafindan iiretilen iz bolgeleri
deneysel olarak iki boyutlu iki bilesenli parcacik goriintiillemeli hizélger (2D2C PIV)
teknigi kullanilarak karakterize edilmistir. Deneysel sonuglar, 0.18 ile 0.54 arasinda
degisen bes farkli h/o orani i¢in {i¢ boyutlu sayisal simiilasyonlarla tamamlanmaistir.
Cihaz yiiksekligi, yani h/6 orani, hiz bilesenleri, girdaplilik dagilimlari, tiirbiilans
ozellikleri, ve akis yoniindeki hiz bozunumu, akisa dik yondeki hiz bozunumu ve
bunlarin pozisyonlar1 olmak iizere ¢esitli bozulma karakteristikleri agisindan bes
farkli cihaz yiiksekligi kullanilarak deneysel ve sayisal sonuglar {izerinden
incelenmistir. Rampa tipi MGU’lerin iirettikleri akis yoniindeki ve akisa dik yondeki
hiz bilesenlerinin 6zbenzerlikleri arastirilmustir. iz bolgesi akis dzellikleri daha sonra
literatiirden elde edilen siipersonik rejimde calisan benzer MGU tiirleri ile
karsilagtirilmistir. Deneysel ve sayisal sonuglar, diisiik siipersonik akis rejiminde
genel calisma prensiplerini ve iz bolgesi bozulma karakteristiklerini ortaya
koymaktadir, ki bu da siipersonik kosullarda ¢alisan benzer h/d degerlerine sahip
MGU’lerle benzer zellikler gdstermektedir. Girdap giicii ve dolayisiyla karisim ve

iz bolgesi bozulma 6zellikleri, Mach sayisina bakilmaksizin efektif cihaz Reynolds

vil



sayisina bagli oldugu gosterilmistir. Rampa tipi MGU’lerin 6zbenzerlikleri ve
bozulma karakteristikleri kullanilarak bir iz bolgesi modeli 6nerilmistir. Iz bolgesini
modelleme calismalar1 sirasinda detayli bir sekilde incelenen bozulma
karakteristkilerini kullanarak MGU’ler ile geleneksel (5-6lgekli) girdap iiretegleri
arasindaki sinir1 belirlemek igin bir yontem 6nerilmistir. 1z bdlgesi modeli daha sonra
literatiirde bulunan bazi rampa tipi MGU’lerin iz bélgesini modellemek igin

kullantlmistir.

Anahtar Kelimeler: Mikro Girdap Uretegleri, Akis Kontrolii, Deneysel

Aerodinamik, Sayisal Akiskanlar Dinamigi

viil



ACKNOWLEDGMENTS

I would like to express my deepest gratitude to my advisor, Dr. Mustafa Per¢in, for
his guidance and encouragement. Working with him, learning from him, and being

his first Ph.D. student has been an invaluable honor.

I would like to thank the members of the Thesis Advisory Committee, Prof. Dr.
Metin Yavuz and Prof. Dr. Oguz Uzol, for their criticism and guidance with their
out-of-the-box ideas. I sincerely thank Dr. Rajan Kumar from Florida State

University for the first discussions on the topic.

I am grateful to Dr. Atilgan Toker for his support, guidance, and encouragement. I
deeply thank my friend and mentor, Dr. Ali Dogrul, for his advice throughout my
life and academic career. [ would like to thank Dr. Mustafa Serdar Geng¢, who made

me realize how hard I can work and have fun doing it.

I would like to thank all the personnel from the METU Center for Wind Energy
(METUWind, RUZGEM) for their help and friendship. I would like to thank again
Prof. Dr. Oguz Uzol, the director of RUZGEM, and Dr. Mustafa Percin, the
laboratory coordinator, for their support and for giving me the opportunity to work
on various experiments and projects. I will always reminisce about working in the
labs of RUZGEM with joy and pride for years, often working from dusk to dawn. I
must give special thanks to my dear friend and brother, Dr. Anas Abdulrahim, with
whom we worked together for years, spending countless hours setting up equipment

and conducting experiments.

I express my most profound appreciation to Tekin Aksu for helping me through the
hard times, believing in me, for his friendship, and for sharing his deep knowledge
of numerical methods. I would like to thank my friends, Dr. Mustafa Akdemir, Can
Citak, Ozgiir Harputlu, and Ergun Umut Kiling, for the inspiring discussions we had

regarding Computational Fluid Dynamics.

X



The acknowledgment part of this thesis is not complete without Bugrahan Oztiirk
and Abdelrahman Hassanein, as we have worked on the topic together and shared
lots of great moments while, of course, drinking liters of coffee; thank you for being

there for me and improving this study.

I would like to express my sincere gratitude to Safa Aysan for always being there to
assist me whenever I needed help, especially during my recovery period. I express
utmost gratitude to my remarkable roommate, business associate, and friend, Babiir
Erdem, the bee whisperer. I would like to thank my dear friend Rauf Aksu for his

constant support and companionship, which have been invaluable to me.

I express my deepest thanks to my friends who endured me during my Ph.D. Big
thanks go to; Nil Akdede, Elif Can Cayan Aksu, Ezgi Arisoy, Mevliit Aycan
Asikoglu, Serdar Bagsdemir, Doga Beser, Cenk Cetin, Oguz Eren, Salih Ertan, Barig
Figer, Dr. Hooman Amiri Hazaveh, Irmak Taylan Karpuzcu, Firat Kiyici, Burak
Kizilkaya, Yasemin Kosa, Dr. Engin Leblebici, Berkan Mumcu, Utku Olgun, Dr.
Oguz Kaan Onay, Giilay Oskay, Dr. Yasar Ostovan, Alp Pirci, Halil Unay, Alper
Yetis, and Dr. Onur Yontar.

I am filled with immense gratitude towards my family for the support and trust they

have shown me.

Finally, I want to express my gratitude to Nur Elif Yurdagalis for always being there

for me and providing unwavering support.

As this study, which has been reminding me of the punishment of Sisyphus, comes
to an end, it seems like the boulder is getting closer to the top of the hill once again.
And finally, I would like to pledge to myself that I will continue to derive my

inspiration not from the heavens or an unseen world but from life itself.



“One must imagine Sisyphus happy.”

Albert Camus

x1



TABLE OF CONTENTS

ABSTRACT ..ttt sttt st sb et st v
O Z ettt vii
ACKNOWLEDGMENTS ...ttt sttt ae e iX
TABLE OF CONTENTS ...ttt xii
LIST OF TABLES ...ttt ettt st XV
LIST OF FIGURES ... .ottt XVi
LIST OF ABBREVIATIONS ..ottt ettt XXiV
LIST OF SYMBOLS ...ttt ettt e XXV
I INTRODUCTION....cceiitiiiiieieettest et ete sttt et ee e seeseeneenes 1
1.1 Boundary Layer Control...........ccoeoiiiiiiiiiiiiieiieie e 2
1.2 Boundary Layer Control Employing Micro Vortex Generators................ 5
1.3 Objectives and SCOPE ...ccvieuieeiieiieeiieiieete ettt ettt eee e e e 21
1.4 Thesis OULINE.......coiiviiiiiriieieiieeeeeeee e 22

2 EXPERIMENTAL SETUP ....oooiiiiiiiiiiiieeeeeee et 23
2.1 Wind Tunnel Facility.......cccooouieeiiiiiieiiieiicieeeeee e 23
2.2 Undisturbed Boundary Layer Measurements.............cccecveerveenieenneennnenne. 25
2.2.1 Design of the Micro Vortex Generator............cceecveeeeuieencreeencveeesreeenne 28

23 Measurement Details .........coccueiiiiiiiiiiiiiiieeee e 29

3  WAKE CHARACTERISTICS OF MICRO VORTEX GENERATORS....... 33
3.1 Decay of Time-Averaged Velocity Components ..........cccceeeeveeeeveeennnen. 33
3.1.1  StreamwiSe VEIOCILY ....eeecuviieiiieeiiieeiiee ettt 33
3.1.2  Wall-Normal VeloCIty .......ccovuieeiiiiiiieciieeieeeee e 36

Xii



3.2 Vorticity DIStrIDULIONS .....cccuvieeiiieeiiieeiieecie e 39

33 Turbulence Properties ........cceecveieeiieeeiieeciee et 42
3.3.1 Velocity FIUCtUAtIONS ......cccvvieiiieeciiieeiie et 42
3.3.2 Reynolds Shear Stress.......ccvieriieeriieeiiie et 47

3.4  Proper Orthogonal DecompOSItion ..........cceeeuieriieeieeniieniieiie e e 50
3.4.1 Mathematical Background of POD...........ccccccoiviiiiiiniiiiiiiieieee 50
3.4.2 Flow Structures of MVG Wake ......c..ccoceeviiriiniiiiniinicienieceen 52
3.4.3 POD Analysis of Ramp-Type MVG Wake .......c.ccooevviieriiniienien. 54

4 NUMERICAL STUDY ettt sttt sttt 59

4.1 NUMETICAL CaASE SETUP ...ovvienrieiiiieiieeieeiie ettt eiee et ereebeeseaeeneees 59
4.1.1 Computational ANalYSiS......cccccierieeriiirieeiiieniieeieenieeieeriee e enieeeieeens 59
4.1.2 Domain and Mesh Generation ...........cccceeevueerieiiieinieniieenienieeiee e 61
4.1.3 Grid Convergence Study and Validation .............cccceeevvveeeieeecnneennnenn. 62
4.1.4 Validation of MVG3 and MVG4 Simulations..........cccceeeeevierneennene 67

5 DECAY OF MVG WAKE AND THE HEIGHT EFFECT..........ccccccveruennnee. 73

5.1 Comparison of MVGs and the Flow Conditions ...........ccccceevevveerneennee. 74

5.2 Decay of the Velocity COMPONENtS .........cccvveeeieeeniieeniieeieeeeeeeveeeeenes 75
5.2.1 The Decay of Streamwise VEelOCItY ........ccceeevuieririnienieeiieeieeieeeiieane 75
5.2.2 The Decay of Wall-Normal VeloCity...........cccervirinieniiieniiniieiieene 79
5.2.3 Spanwise Investigation of the Velocity Components .............cccoc....... 82

53 Decay of the Out-Of-Plane Vorticity Component .............ccceeecveevuvennnnnne 86

5.4  Decay of the Streamwise Vorticity Component .............cceeeeerveererennnnn. 88

5.5  Decay of Vortex Strength ........ccccoevieiiiiiiiniieieeieeeeee e 90

5.6  Conclusion on the Height Effect DiSCuSSion ...........cccceevvievienieeninennnnn. 93

Xiii



6 THE RAMP-TYPE MVG WAKE MODEL .......ccccccoiiniiiiiiiieneeeeee, 97

6.1 Self-Similarity of the MVG Wake ........ccoovvviiiiiieiiieieceeeee e, 97
6.2 Modeling of the Ramp-Type MVG Wakes ........cccceevevvievciieiniieeieee, 101
6.2.1 Determination of the Model Equations ............c.ccceeveieircieeincieecnnenn, 102

7T CONCLUSION ..ottt sttt st 117
8  REFERENCES ...t 123
A. Spanwise Investigation of Velocity Profiles .........ccccocevevviiniencniencnnnne 135
B. Decay of the Streamwise Vorticity Component............cccecverueerueenveennens 153
CURRICULUM VITAE ..ottt 157

X1v



LIST OF TABLES

TABLES

Table 2.1 Undisturbed boundary layer properties...........coocveevveerverciieneeeiieeneennienns 27
Table 2.2 MVG dimensions and their corresponding h/6 ratios. ........cccceeevveerveennes 29
Table 2.3 Components of the 2D2C PIV measurements. ..........cccccueevevveercreeenneenns 32

Table 4.1 MVG dimensions and their corresponding h/d ratios used for the
NUMETICAL STUAY. 1..vvieitieiiieiiecie ettt ettt et sateebeeesaeeneeas 60
Table 4.2 Mesh cell numbers on MVG2 and the total number of mesh cells in the
numerical domain for the grid convergence study........ccceeeeveeeviieeiieeeiieeeieeee, 62
Table 4.3 Approximate discrepancies in terms of maximum velocity deficit,

maximum wall-normal velocity, and their positions between the numerical

simulations and experimental results for MVG2 at x/h=5, 10, 15, and 20. ............ 63
Table 5.1 Dimensions of MVGs and their corresponding h/9 ratios. ..................... 74
Table 5.2 Flow conditions of the three studies compared..............ccoeveeeiieniennnnnn. 75
Table 5.3 Effective Reynolds numbers for MVGs used in this study..................... 92
Table 6.1 The coefficient values used for modeling the streamwise velocity
[o0311] 010) 1<) 11 SRR UPRPRRUPPPSRIN 104
Table 6.2 The values of A for the MVGs used to construct the model and for

MYV GS fTOM [77]. oeeeriieeie ettt ettt e e b e e e ae e e sraeeeanae s 107
Table 6.3 The values of C for the MVGs used to construct the model and for

MMV GS TTOM [77]. oottt ettt et e e 111
Table 6.4 The values of D for the MVGs used to construct the model and for

MYV GS fTOM [77]. oottt e b e e eab e e eaee e sraeeenrae s 113

XV



LIST OF FIGURES
FIGURES

Figure 1.1 Left: The Great Red Spot seen in between two jet streams, as seen by
the Hubble Space Telescope [1]. Right: A Paramecium getting caught by a Stentor
coerulus by the action of vortices created by its cilia (still from [2]). ....cceevrennennnee. 1
Figure 1.2 Sketch showing the device employed and the devices mounted on a
NACA 63(3)-018 @irfoil [14]. ueeeeeieeieeeieie ettt 4
Figure 1.3 Sketch of the front view of a ramp-type MVG, illustrating streamwise

vortex pair, upwash, and downwash (the direction freestream flow is pointing into

the PAPET) [28 ] weieeeiieeiie ettt e st e e st e e et e e st e e et e e enbaeeebaeeenbaeenaneeeas 6
Figure 1.4 An array of MVGs seen on top of the cockpit of a Gulfstream III. Image
courtesy of Jonathan Zaninger [32]. ......cccecieiieiiiieiieniieie et 7
Figure 1.5 MVGs on the Wings of a Gulfstream V [31].....ccccooiiiiinniiiiiiiniieeeee, 7
Figure 1.6 Size comparison of a typical VG and MVG to a typical boundary layer.

Recreated from Holmes ef al. [29]. .ooooouniieieeeeeee e 8
Figure 1.7 MVGs on the flap of a Piper Malibu Meridian [31]. .....cccceoeeieniencnnene 9

Figure 1.8 Top: ramp-type MVG. Bottom: vane-type MVG (counterrotating
CONTIGUIALION). 1.eeuiiieiiieeciieeeiee et ee et e ettt e et e e et e e et e e etaeeseseeessseeessseeesnseeensseeennseas 10
Figure 1.9 Non-dimensional circulation versus device Reynolds number for
different MVGs at five device heights downstream of the MVGs [40]. ................. 11
Figure 1.10 Generalized non-dimensional circulation versus device Reynolds

number for different MVGs at five device heights downstream of the MVGs [40].

Figure 1.11 Total pressure ratio through the boundary layer. Y is the wall-normal
distance, and R 1is the local radius of the test section, obtained 206 downstream of
the shock system (image reconstructed by Lin [41] from [61]). ..ccceeevviiriieiiennnnnne. 15
Figure 1.12 Conceptual model for the vortical organization in the ramp-type MVG
SUZEESLEd DY SUN [71]. oot e 19

xvi



Figure 2.1 Open-return suction-type boundary layer wind tunnel (METUWIND
C3) at METU Center for Wind Energy Research (RUZGEM). .........ccccceeueuennnnn.e. 23
Figure 2.2 Sketch of the METUWIND C3 wind tunnel, including the MVG and the
instruments and sensors for the close-loop control system.............cccceceeeieenirennnnnne 24
Figure 2.3 Sketch for the undisturbed boundary layer measurements.................... 25
Figure 2.4 Results of the undisturbed boundary measurements (a) Streamwise
velocity distribution of the undisturbed flow. (b) The turbulence intensity
distribution of the undisturbed flow.........ccccociiiiriiiiiii 26
Figure 2.5 Dimensionless streamwise velocity of the undisturbed boundary layer.28
Figure 2.6 (a): The sketch for the MV G design (b): CAD models of MVGs used.
(€): 3-D Printed MV GS......eeeiiieiieiie ettt ettt ettt ettt ettt e seaeesaesnaaens 29
Figure 2.7 A photograph and a sketch of the PIV setup. Showing the traverse, the
camera, laser, and the optics with the placement of MVG in the wind tunnel,
including the coordinate System USed. ..........ceccviieiiiieiiieeiiie e 30
Figure 2.8 PIV measurement domain showing the windows with the overlap
regions and fields of view dimensions for MVG2, MVG3, and MVGA4. ............... 31
Figure 3.1 Contours of normalized streamwise VeloCIty .........cccceevveeeeiieecieencinens 34

Figure 3.2 Profiles of normalized streamwise velocity at different downstream

positions. a) x/h=5, b) x/h=10, ¢) X/h=15.....cccceeeiiiriiiiiiieee e 35
Figure 3.3 Streamwise evolution of normalized streamwise velocity profiles. a)

MVG2,b) MVG3, €) MVGHA. ...t 36
Figure 3.4 Contours of normalized wall-normal velocity..........ccccoveevieeniiiennnnns 37

Figure 3.5 Profiles of normalized wall-normal velocity at different downstream

positions. a) x/h=5, b) x/h=10, ¢) X/h=15.....cccceeiiiriiiiiirieieeeeee e 38
Figure 3.6 Streamwise evolution of normalized wall-normal velocity. a) MVG2, b)
MVG3, €) MVGHA. ...ttt ettt sae e eee e 38
Figure 3.7 Contours of normalized out-of-plane vorticity...........ccceccverviereennennnen. 40

Figure 3.8 Profiles of normalized out-of-plane vorticity (Q2,) at different
downstream positions. a) x/h=5, b) x/h=10, ¢) X/h=15....cccccceeviirrrrirrreeirerieens 40

Xvil



Figure 3.9 Streamwise evolution of normalized out-of-plane vorticity (€2,). a)

MVG2, ) MVG3, €) MVGA. ..ot 41
Figure 3.10 Contours of normalized streamwise velocity fluctuations. .................. 42
Figure 3.11 Contours of normalized wall-normal velocity fluctuations. ................ 43

Figure 3.12 Profiles of normalized streamwise velocity fluctuations at different
downstream positions. a) x/h=5, b) x/h=10, ¢) X/h=15. ..c..cccovvrriiirrrireeereeeen. 44
Figure 3.13 Profiles of normalized wall-normal velocity fluctuations at different
downstream positions. a) x/h=5, b) x/h=10, ¢) x/h=15. .....cccceeeiiriiiiiireeeee. 45
Figure 3.14 Profiles of normalized velocity fluctuations at different at x/h=2. a)
streamwise component, b) wall-normal component.............ccceeeevveerciieencieenieeennen. 45

Figure 3.15 Streamwise evolution of normalized streamwise velocity fluctuations.

a) MVG2, b) MVG3, €) MVGA ..ottt 46
Figure 3.16 Streamwise evolution of normalized wall-normal velocity fluctuations.
a) MVG2, b) MVG3, €) MVGA ...ttt 46
Figure 3.17 Contours of normalized Reynolds shear stress. ..........cccccoceeveriinennnens 48

Figure 3.18 Profiles of normalized Reynolds shear stress at different downstream

positions. a) x/h=5, b) X/h=10, €) X/h=15. .....cccoiiirriieieeeeeeeee e 48
Figure 3.19 Streamwise evolution of normalized Reynolds shear stress. a) MVG2,

D) MVG3, €) MVGA. ..ottt 49
Figure 3.20 2-Dimensitonal Numerical simulation on K-H instability [85]. .......... 53

Figure 3.21 Streamwise POD components (¢u) of the first ten modes for MVG2.55
Figure 3.22 Streamwise POD components (¢u) of the first ten modes for MVG3.56
Figure 3.23 Comparison of percentage of TKE associated with the first 100 modes
based on the streamwise velocity component (U) for MVG2 and MVG3.............. 57
Figure 3.24 Contours of the out-of-plane vorticity component with the velocity
vectors represented in the convective reference frame of 0.85Uc. ..ocveevevveieennnnne. 58
Figure 3.25 Contours of the streamwise velocity component with the velocity
vectors represented in the convective reference frame of 0.85Ux. ..ccvvveeevvvennnennnee. 58

Figure 4.1 Y-type block topology seen on an MVG (half model). ...........c..c........ 61

xviii



Figure 4.2 Numerical domain. Non-dimensional dimensions are given with regards
LEOJAY VA€ PSSP 61
Figure 4.3 Grid with top and symmetry plane views, showing the locally denser
regions in the vicinity of the MVG. ......ccccooiiiiiiiiiiiiiicec e 62
Figure 4.4 Comparison of the grid convergence cases and validation of the
simulation results in terms of streamwise velocity for the benchmark case (MVG2)
at a)x/h=5, b) x/h=10, ¢) x/h=15, d) x/h=20, e) x/h=25, {) x/h=30.....ccc0eruvrren.... 65
Figure 4.5 Comparison of the grid convergence cases and validation of the
simulation results in terms of wall-normal velocity for the benchmark case
(MVQG2) at a)x/h=5, b) x/h=10, ¢) x/h=15, d) x/h=20, e) x/h=25, f) x/h=30.......... 66
Figure 4.6 The comparison of simulation and experimental results in terms of
normalized streamwise velocity. a) x/h=5, b) x/h=10, ¢) x/h=15, d) x/h=20. ........ 68
Figure 4.7 The comparison of simulation and experimental results in terms of wall-
normal velocity. a) x/h=5, b) x/h=10, ¢) x/h=15, d) x/h=20. .......cceevvrrrrrrrerrrrnn... 69
Figure 4.8 The comparison of simulation and experimental results in terms of
normalized out-of-plane vorticity component. a) x/h=5, b) x/h=10, ¢) x/h=15, d)

) € (S | O e S RSO SOOI P e SRR 71
Figure 5.1 The streamwise development of the normalized streamwise velocity (U)
at various StreamwiSe StATIONS. ......evueerueriertierieeitereeste sttt et ettt et st saeeaeesee e 77
Figure 5.2 The decay of the properties of the streamwise velocity component: a)
the decay of maximum velocity deficit, b) the decay of the position of maximum
VEIOCIEY AETICIE. 1vvviiiiiie et e e e e rae e e aeeeenaee s 78
Figure 5.3 The streamwise development of the normalized wall-normal velocity
(V) at various StreamwiSe StAtIONS. .......eeeeveeeiiieeiieeeireeeeeeeeeieeeereeesreeeereeeeereeenes 80
Figure 5.4 The decay of the properties of the wall-normal velocity component; top:
the decay of maximum upwash velocity, bottom: the decay of the position of
mMaximum UPWaSHh VELOCILY. .....eeruiiiiiiiiiiiieiieeie et 81
Figure 5.5 Z-planes used for the spanwise investigation. .........c.ceeeeveeveerieeiennnene 82
Figure 5.6 Comparison of the streamwise velocity component (U) at z/h=0 (black)

and z/h=1 (red) for MVG2 and MV G6 at various streamwise stations. ................. 83

X1X



Figure 5.7 Comparison of the wall-normal velocity component (V) at z/h=0 (black)
and z/h=1 (red) for MVG2 and MV G6 at various streamwise stations. ................. 84
Figure 5.8 Comparison of the spanwise velocity component (W) at z/h=0 (black)
and z/h=1 (red) for MVG2 and MVG6 at various streamwise stations. ................. 85
Figure 5.9 Comparison of the streamwise (U), wall-normal (V), and spanwise (W)
velocity components at x/h=30 and z/h=1............cccceevvirrriiiriiiiiiee e, 86
Figure 5.10 Comparison of MVGs of different heights in terms of normalized out-
of-plane vorticity component (£2;) at various streamwise stations............c..cceeeuene 87
Figure 5.11 Contours of normalized streamwise vorticity component (xh/Ux)
shown over x-planes illustrating the counter-rotating vortices at x/h=10 for a)
MVG2, b) MVG3, ¢) MVG4, d) MVGS, €) MVGS6........cooceviiniiiiiiiieeiieneens 89
Figure 5.12 Decay of vortex strength compared with the supersonic data from [74]
at different Mach NUMDETS. ........ooouiiiiiiiiii e 91

Figure 5.13 Non-dimensional circulation versus device Reynolds number for

different MVGs at five device heights downstream of the MVGs [40]. ................. 91
Figure 5.14. Vortex strength against the device Reynolds number using the

effective device height [40]. ....ooooiie e e 92
Figure 5.15 Drag coefficient versus the h/d ratio. ........cccceeeevieeiiieecieeceeeee e, 93

Figure 5.16 The locations of the vortex centers for MVG2, MVG3, MVG4, MVGS,
and MVG6, boundary layer thickness shown with dashed red lines. a: 3D view, b:
FroNt VIEW, C: SIAE VIEW. ..oeviiiiiiiiiiiieeiiee ettt e et e e e e e e eeanaaees 95
Figure 6.1 Sketches showing the subtraction of the streamwise velocity profile
from the undisturbed boundary layer profile and the parameters used to scale the
streamwise VElOCILY PrOfIlEs. .....oooviiiiieiieiiieiiee e 98
Figure 6.2 Sketch showing the scaling parameters for the wall-normal velocity
[o0331] 010) 1<) 11 SRR 99
Figure 6.3 Normalized profiles for the streamwise velocity component (top) and
the wall-normal velocity component (bottom). ..........ccceeevueerieeiiienieeiieieeieeeens 100
Figure 6.4 The decay of the difference between the maximum velocity deficit and

the undisturbed boundary 1ayer. .........ccccocvieeiiiiiiiieeee e 103

XX



Figure 6.5 The distribution of the coefficient A. .........cccoeovvieeeiieeiiiieeieeeeee, 104

Figure 6.6 The decay of the position of maximum velocity deficit....................... 105
Figure 6.7 The distribution of the coefficient B. ...........cccoocviiiiiniiiiiiniiiie 106
Figure 6.8 Reconstruction of the streamwise velocity profiles for left: MR3
(h/6=0.58) and right: MR4 (h/3=0.77) from [77]...cceeveeeeiieeiieeieeeee e 108
Figure 6.9 Reconstruction of the streamwise velocity profiles for G8 (h/6=0.46)
TTOMN [T ] ottt et et e e et e e e aa e e e te e e saneeeearee s 109
Figure 6.10 The decay of the maximum upwash velocity. .......cccccoceererverienenee. 110
Figure 6.11 The distribution of the coefficient C. ...........ccooeevvieeiiiieeciieeieee. 111
Figure 6.12 The decay of position of the maximum upwash velocity.................. 112
Figure 6.13 The distribution of the coefficient D. ..........cccoceviiieniininiinieene. 113
Figure 6.14 Reconstruction of the wall-normal velocity profiles for left: MR3
(h/6=0.58) and right: MR4 (h/3=0.77) from [77]...c..cceveeerrieeieeeieeeeeeeeee e 114
Figure 6.15 Reconstruction of the wall-normal velocity profiles for G8 (h/6=0.46)
TTOMN [T4 ] ettt et et e et e e e e e e e ae e e eaeeeeneeeenree s 115

Figure A.8.1 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=5 and z/h=0 to 3 for MVG2 (top row) and
MV G3 (DOLEOIM TOW). .eevieiiiiieiiieeieeetee ettt e e st e e ee e saeeenaeeessaeesnsaeesnseees 135
Figure A.8.2 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=5 and z/h=0 to 3 for MV G4 (top row) and
MV GS (DOLEOIM TOW). .eiviieiiieeciiieciee ettt et e et e et ee e saeeenaeeessaeesnsaeesnneeas 136
Figure A.8.3 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=5 and z/h=0 to 3 for MVGe. ................ 137
Figure A.8.4 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=10 and z/h=0 to 3 for MVG2 (top row)
and MV G3 (DOtEOM TOW). c..veieiiiieciieeeiie ettt eae e e aee e e eesareeeennee s 138
Figure A.8.5 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=10 and z/h=0 to 3 for MV G4 (top row)
and MV GS (DOttOM TOW). ..eeiiiiiieciieeeiie ettt e e e seveeeennee s 139

xx1



Figure A.8.6 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=10 and z/h=0 to 3 for MVGe................ 140
Figure A.8.7 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=15 and z/h=0 to 3 for MVG2 (top row)
aNd MV G3 (DOtEOM TOW). ..eeeiiiieiiieeiiieciiee ettt et eree e e e saveeesnnee e 141
Figure A.8.8 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=15 and z/h=0 to 3 for MV G4 (top row)
and MV GS (DOtEOM TOW). ...couviiiiiiiecciiie ettt e 142
Figure A.8.9 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=15 and z/h=0 to 3 for MVGe................ 143
Figure A.8.10 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=20 and z/h=0 to 3 for MVG2 (top row)
aANd MV G3 (DOtEOM TOW). ..eeeiiieeiiieeciiieeiieecieee et ete et et e e s e et eesareeesnnee e 144
Figure A.8.11 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=20 and z/h=0 to 3 for MV G4 (top row)
aNd MV GS (DOtEOM TOW)...eeeiiiiiiiieiciiie ettt e e e esanee e 145
Figure A.8.12 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=20 and z/h=0 to 3 for MVGe................ 146
Figure A.8.13. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=25 and z/h=0 to 3 for MVG2 (top row)
aNd MV G3 (DOtEOM TOW). ..eeeiiiieiiieeiiieciiee ettt et eree e e e saveeesnnee e 147
Figure A.8.14. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=25 and z/h=0 to 3 for MV G4 (top row)
and MV GS (DOtEOM TOW). ...coouiiiiiiiiieciiie ettt e e 148
Figure A.8.15. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=25 and z/h=0 to 3 for MVGe................ 149
Figure A.8.16. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=30 and z/h=0 to 3 for MVG2 (top row)
aNd MV G3 (DOtEOM TOW). ..eeeiiiieiiieeiiieciiee ettt eee et eree e e e saaeeesnnee e 150

xXxil



Figure A.8.17. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=30 and z/h=0 to 3 for MV G4 (top row)
and MV GS (DOttOIM TOW). c..ueiiiiiiiiiiieceiie ettt 151
Figure A.8.18. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=30 and z/h=0 to 3 for MVGe. .............. 152
Figure B.8.19 Contours of normalized streamwise vorticity component (Qxh/Ux)
shown over x-planes illustrating the counter-rotating vortices at x/h=1 for a)
MVGZ2, b) MVG3, ¢c) MVG4, d) MVGS, €) MVGS6. .....cccvviiiiiinieeiecieeee, 153
Figure B.8.20 Contours of normalized streamwise vorticity component (Qxh/Ux)
shown over x-planes illustrating the counter-rotating vortices at x/h=5 for a)
MVG2, b) MVG3, ¢c) MVG4, d) MVGS, €) MVGO. .....cccoviiiiiiiiieiieiecieeee, 154
Figure B.8.21 Contours of normalized streamwise vorticity component (Qxh/Ux)
shown over x-planes illustrating the counter-rotating vortices at x/h=15 for a)

MVG2, b) MVG3, ¢) MVG4, d) MVGS5, €) MVG6. ......cooerveererreeserreerseseeereseneons 155

xxiii



LIST OF ABBREVIATIONS

ABBREVIATIONS

2D2C PIV Two-Dimensional Two-Component Particle Image Velocimetry

BL Boundary Layer

CFD Computational Fluid Dynamics
FOV Field of View

HWA Hot-Wire Anemometry

ILES Implicit Large Eddy Simulation
K-H Kelvin-Helmholtz

LDA Laser Doppler Anemometry
LES Large Eddy Simulation

MVG Micro Vortex Generator

NACA The National Advisory Committee for Aeronautics
NASA The National Aeronautics and Space Administration
Nd:YAG Neodymium-Doped Yttrium Aluminum Garnet

PIV Particle Image Velocimetry

POD Proper Orthogonal Decomposition

RANS Reynolds Averaged Navier-Stokes

SBLI Shockwave Boundary Layer Interaction

SPOD Snapshot Proper Orthogonal Decomposition

SST Shear Stress Transport
TI Turbulence Intensity
TKE Turbulent Kinetic Energy

Vortex Generator (Conventional vortex generators or vortex
VG generators with heights larger than or comparable to the local

boundary layer thickness)

XX1V



LIST OF SYMBOLS

SYMBOLS
U,V Normalized Streamwise and Wall-Normal Velocities
y Length Scale
A, B Coefficients For Modeling the Streamwise Velocity Profiles
C Chord
C,D Coefficients For Modeling the Wall-Normal Velocity Profiles
g Gap For Vane-Type MVGs
h Device Height
Shape Factor
h* Device Reynolds Number
he Effective Device Height
he" Effective Device Height Reynolds Number
k Cut-Off Factor
M Mach Number
Re Reynolds Number
Rep Momentum Thickness Reynolds Number
U Streamwise Velocity (x-direction)
u' Streamwise Velocity Fluctuation
O Dimensionless Velocity
Ux Freestream Velocity
UsL Undisturbed Boundary Layer Velocity
Upet Maximum Velocity Deficit (JUpL-Ulmax)
Uesr Effective Hot-Wire Cooling Velocity
Unin Minimum Streamwise Velocity or Maximum Velocity Deficit
U: Friction Velocity
u'v' Reynolds Shear Stress

Wall-Normal Velocity (y-direction)

XXV



\% Wall-Normal Velocity Fluctuation

Vimax Maximum Wall Normal Velocity or Maximum Upwash Velocity
w Spanwise Velocity (z-direction)

W Width

w Width of MVG

wu Wake Width for Streamwise Velocity Profiles

wy Wake Width for Wall-Normal Velocity Profiles

X,Y,Z Coordinate System

y* Length Scale

YUdef Position of the Maximum Velocity Deficit (Uper)

yvi, yv2  Positions Defining the Wake Width for Wall-Normal Velocity

YVmax Position of the Maximum Upwash Velocity
y" Constant Wake Width Factor

o Device Angle

r Circulation

I's Circulation at Five Device Heights Downstream
) Boundary Layer Thickness

5" Displacement Thickness

0 Momentum Thickness

1 Dynamic Viscosity

p Density

v Kinematic Viscosity

T Wall Shear Stress

Ct Constant

Q Vorticity

XXVi1



CHAPTER 1

INTRODUCTION

Vortices are omnipresent in the universe, ranging from the Great Red Spot of Jupiter,
which has a diameter of 1.3 times that of the Earth, to the tiniest microorganisms
having a length between 500 to 1200 micrometers, generating vortex fields to

ensnare their prey (Figure 1.1).

The device called Micro Vortex Generator is but a small means to generate and
employ the ubiquitous phenomena that are vortices, seen throughout our universe,
possibly to control flow at various regimes, subsonic, transonic, supersonic, and

hypersonic alike.

In order to focus on the flow control aspect of vortices, this chapter includes some
findings from the literature. The chapter starts with the definition of boundary layer
control and its types and continues with their areas of applications, where a more
elaborate discussion on Micro Vortex Generators can be found. The chapter

concludes with the organization and objectives of this study.

Figure 1.1 Left: The Great Red Spot seen in between two jet streams, as seen by the
Hubble Space Telescope [1]. Right: A Paramecium getting caught by a Stentor
coerulus by the action of vortices created by its cilia (still from [2]).



1.1 Boundary Layer Control

Methods of boundary layer control -or flow control in general- which are employed
in many engineering applications aim to introduce various types of perturbations into
the flow field in order to alter the flow development with goals such as lift
enhancement, drag reduction, mixing enhancement, heat transfer enhancement, and

noise reduction.

One of the most crucial utilization of flow control is found in aerospace applications.
Since most of the flow control applications in aerospace problems are made in a way
that utilizes perturbations or alterations to the boundary layer itself, it is safe to call

them boundary layer control.

Boundary layer control methods can be divided into two categories: active and
passive [3]. Examples of active boundary layer control methods are suction and
blowing [4], acoustic excitation [5, 6], oscillations [7], and air jet vortex generators
[8]. Active flow control methods can be altered with the changing conditions of the
flow, such that they can simply be “turned off” when they are not needed. However,
they are also more complex, with a variety of moving parts, compared to the passive

boundary layer control methods.

Passive boundary layer control methods, as the name suggests, are passive, meaning
they can not be moved or altered by any means. Therefore, they are nothing but a
cause of drag in the off-design conditions. So, caution should be taken when
employing passive boundary layer control methods. Passive boundary layer control
methods include boundary layer bleed, vortex generators, added surface roughness,

and cavities [9].

Boundary layer bleed is a well-established and proven method of boundary layer
control, especially for supersonic air inlets [10, 11]. Boundary layer bleed is achieved
by adding slots or perforated sections to remove the low-momentum flow from the
boundary layer, resulting in a more energetic boundary layer that is less prone to

separation. However, with the bleed mass flow removed from the system, the



combustor loses its invaluable mass flow, resulting in an inlet design that is larger

and heavier to provide the same mass flow to the combustor.

Adding vortex generators (VGs) to the surface is also a commonly used method.
After they were introduced by Taylor [12] in the 1940s, quite a few researchers
started investigating their effects and viability for various applications, as seen from
the NACA reports published in the following years [13, 14, 15, 16, 17, 18, 19, 20].
Some of the foci of these investigations are delaying separation on flat plates,
airfoils, wings, and swept wings, both at low speeds and transonic regimes.
McCullough et al. [14] employed pyramidal, wedge-like bodies in order to delay the
separation of a turbulent boundary layer. The device they employed was, in essence,
a ramp-type VG, and this study is probably the first example where a ramp-type VG
is investigated (Figure 1.2). The flat plate experiments showed that it is desirable to
lower the sizes of the wedges as much as possible to compensate for the increased
drag. They have also conducted experiments with the wedges mounted on a NACA
63(3)-018 airfoil, resulting in a reduced separation. The results showed that the drag
force is increased with the VGs attached. However, at higher angles of attack, that
is, flow with a larger separated region, they have recorded reduced drag with VGs
than without them. Finally, they have conducted experiments employing vane-type
VGs much smaller than their wedge-type counterparts. Results showed that the same
mixing effect with smaller VGs was possible, with about half the cost in drag, as
they showed approximately the same increase in the maximum lift with their larger

counterparts.
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Figure 1.2 Sketch showing the device employed and the devices mounted on a
NACA 63(3)-018 airfoil [14].

Weiberg and McCullough [16] successfully employed wedge-shaped VGs,
improving the stability of a swept-back wing at Mach 0.16. Schubauer and
Spangenberg [21] employed VGs to increase the rate of mixing in turbulent boundary
layers. They have created various types of adverse pressure gradients on a flat plate
and compared different fixed VGs in the adverse pressure gradient region, including
ramp type, backward-facing ramp type, and vane-type VGs. They have reported that
the mixing mechanics are similar for all the devices studied, introducing high
momentum from the freestream flow to the boundary layer, with the differences of
the devices compared rising from their form of achieving this and their drag penalty.
Calerese et al. [22] experimentally investigated the effects of VGs on a scaled model
of a C-130 aircraft body with the aim of reducing the total drag by delaying
separation in the regions with adverse pressure gradient since the fuel consumption
of the aircraft was excessive due the drag resulting from its highly upswept
afterbody. They have also investigated the effects of small elements with a height
lower than the boundary layer. Both VGs and small elements achieved noticeable

drag reduction. However, the small elements resulted in much lower drag.

Vortex generators also found applications in wind turbines to control the flow

separation and improve the overall performance of wind turbines [23, 24]. Moreover,
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VGs have been applied and are still being used in wind turbines. UpWind Solutions,
Inc. implemented the first application, increasing Annual Energy Production and
reducing power scatter created by stalls during gusty wind conditions [25]. Gao et
al. [26] studied the effects of VGs on an airfoil with a blunt trailing edge for wind
turbines. The results showed that VGs significantly increase the maximum lift
coefficient and stall angle of attack. They have concluded that increasing the device
height increases the lift generated; however, the lift-to-drag ratio is reduced with the
added drag penalty. They have also stated that the stronger vortices generated by
VGs having larger dimensions do not necessarily result in better flow separation

control.

1.2 Boundary Layer Control Employing Micro Vortex Generators

The studies summarized above mainly employed vortex generators with heights
larger than or comparable to the local boundary layer thickness (8-scale) to introduce
high-momentum fluid from the freestream through corotating or counterrotating
streamwise vortices. Kuethe [27] introduced the concept of having VGs embedded
inside the boundary layer by employing semi-circular cross-section elements having
height-to-boundary layer thickness (h/0) ratios of 0.27 and 0.42 to reduce the noise
generation by suppressing the Karman vortex street. Later, these VGs, called Sub-
Boundary Layer Vortex Generators, Low-Profile Vortex Generators, or Micro
Vortex Generators (MVGs), started to appear in various studies at subsonic
velocities, and in the late 2000s, the emphasis of the studies in the literature shifted

to supersonic flow regimes.

MVGs are passive boundary layer control devices that are submerged in the
boundary layer itself. They control the boundary layer by generating vortices in the
streamwise direction. As a consequence of being submerged in the boundary layer,
the vortices generated by MVGs promote mixing between the sublayers of the
boundary layer, creating a momentum exchange between the near-wall region (low
momentum) and upper region (relatively higher momentum) of the boundary layer

as defined in Figure 1.3 ) [28]. As the near-wall region of the boundary layer gains
5



momentum, the boundary layer becomes less susceptible to the effects of an adverse
pressure gradient. The vortices created by the MVG generate this momentum transfer
by means of upwash and downwash. As can be seen from the sketch in Figure 1.3,
the upwash lifts the low-momentum fluid upwards, whereas the downwash entrains
the high-momentum fluid towards the wall. As mentioned earlier, VGs promote
mixing by entraining high-momentum fluid from the freestream to the boundary

layer, while MVGs promote mixing inside the boundary layer itself.

|
! Upwash:
| lift of low momentum near wall flow

Downwash:
entrainment of high momentum flow

Figure 1.3 Sketch of the front view of a ramp-type MVG, illustrating streamwise
vortex pair, upwash, and downwash (the direction freestream flow is pointing into
the paper) [28].



After the work of Kuethe [27] at subsonic regimes, Holmes et al. [29] investigated
the effects of MVGs on reducing the interior noise generated on the Gulfstream III,
extending the investigations on MVGs to transonic regimes. VGs were used in
Gulfstream II with partial success, as they were not able to reduce the noise levels to
the desired levels on all frequencies [30]. Therefore, they have proposed to use
MVGs instead. By delaying the shock-induced separation, MVGs were successfully
found to reduce the noise levels in flight tests, eventually leading to a retrofit
program of Gulfstream III aircraft (Figure 1.4). After the successful application on
Gulfstream III aircraft, MVGs developed by NASA Langley found applications on

the wings of Gulfstream V (Figure 1.5), helping the aircraft achieve higher maximum

cruise speed, extending its range, and improving its stability [31].

LT e

Figure 1.4 An array of MVGs seen on top of the cockpit of a Gulfstream III. Image
courtesy of Jonathan Zaninger [32].

/' T—— Micro-Vortex
Generators

Figure 1.5 MVGs on the Wings of a Gulfstream V [31].
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As defined by Holmes et al. [29], MVGs increase the robustness of the boundary
layer near the wall, where it is most susceptible to the effects of an adverse pressure
gradient, unlike VGs. As illustrated in the sketch given in Figure 1.6, MVGs also
have the intrinsic advantage of generating less drag and being more robust
mechanically compared to VGs, as they are smaller in size.

Velocity
Profile

VG

Boundary Layer
Edge

hye  wve s

hM VG

1

Figure 1.6 Size comparison of a typical VG and MVG to a typical boundary layer.
Recreated from Holmes et al. [29].

Rao and Kariya [33] experimentally compared MVGs with an h/d ratio of 0.625 or
less with VGs on a flat plate turbulent boundary layer with an adverse pressure
gradient. The results showed that an optimum arrangement of MVGs has the

potential of exceeding the performance of VGs, primarily because of much lower

added drag.

In the 1990s, Lin et al. [34, 35, 36] conducted experimental studies employing
various types of MVGs at low speeds for controlling separated flow over a
backward-facing ramp. For comparison, they have also conducted pressure
measurements using VGs. The results showed that VGs create a more three-
dimensional wake than MVGs, indicating that the vortices generated by VGs are
indeed stronger than those generated by MVGs. However, since the results also show
that both VGs and MVGs have the capability to control the flow, it can be safely
stated that the vortices generated by VGs are stronger than necessary. They have
concluded that smaller MVGs of the same type could perform as well as their larger
counterparts, with an expected reduced device drag. Results agreeing with this study
were presented by Kerho et al. [37]. They have employed MVGs having h/6 ratios
of 0.8 and 0.3 to control the laminar separation bubble on a LA2573A airfoil at low
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Reynolds numbers. A drag reduction of up to 38% was achieved with the MVGs
installed. It was shown that the size of the laminar separation bubble was reduced in
some cases, whereas in others, it was eliminated entirely. However, the authors stated
that although it is possible to eliminate the separation bubble by prematurely forcing
transition with larger MVGs, it might be desirable to use smaller MVGs that provide

the circulation needed without generating the turbulent boundary layer immediately.

Another study by Lin et al. [38] focused on utilizing MVGs in high-lift applications.
MVGs have their inherent advantage of being small in this application since they can
be retracted with the flaps, causing no drag penalty during the cruise, which NASA
Langley already realized on the Piper Malibu Meridian aircraft’s flaps (Figure 1.7).
With MVGs applied to its flaps, the aircraft achieved a slower stall speed, enabling
it to pass the required safety regulations by the Federal Aviation Administration in
1996 [31]. Lin et al. [38] have concluded that MV Gs could effectively control flap
separation, increasing the lift-to-drag ratio by 100%. They have used MVGs
producing two types of vortices, corotating and counterrotating, concluding that
although both types effectively reduce the flow separation, the counterrotating
vortices were slightly more effective. An agreeing study was presented by Godard
and Stanislas [39], as they tested vane-type MVGs in counterrotating and corotating
configurations having an h/4 range of 0.2 to 0.46, and the results showed that the
former is approximately 100% more effective in increasing skin friction under the

effect of an adverse pressure gradient.

Micro-Vortex
Generators

talled on the flap of a Piper Malibu Meridian.

Enlarged area shows Micro

Figure 1.7 MVGs on the flap of a Piper Malibu Meridian [31].



Vane and ramp-type devices are the most encountered types of MVGs in the
literature for both high and low-speed applications [28, 40, 41]. Configuring vane-
type MVGs to produce corotating or counterrotating vortices is possible, whereas
ramp-type MVGs are counterrotating vortex-producing devices. The definitions of
geometrical parameters for counterrotating vane-type and ramp-type MVGs can be
found in Figure 1.8. Counterrotating vane-type MVGs, in most cases, create stronger

vortices than ramp-type MVGs in subsonic and supersonic flow conditions [40, 41].

A 2

Floy,

Figure 1.8 Top: ramp-type MVG. Bottom: vane-type MVG (counterrotating
configuration).

Ashill et al. [42, 43] characterized various types of MVGs, namely counterrotating
vanes (spaced and joined), single vane, ramp, and backward ramp, in terms of vortex
strength, decay, and trajectory up to 50 device height downstream distances in both
zero and adverse pressure gradient conditions at freestream velocities ranging from
10 m/s to 40 m/s. The results showed that the counterrotating vane had twice the
vortex strength compared to the ramp. However, drag measurements in zero pressure
gradient showed that ramp-type MVG had 40% drag compared to the counterrotating
vanes, which agrees with the results of Schubauer and Spangenberg [21] for

conventional (d-scale) vanes and ramps.

Ashill et al. [42, 43] also presented the results of non-dimensional circulation
downstream of the MVGs at x/h=5. The non-dimensional circulation was correlated

with a Reynolds number called the device Reynolds number given below,
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p = M [1.1]
v

The non-dimensional circulation generated by each type of MVG can be seen in
Figure 1.9. However, it was seen that the circulation only varies slightly with the
device Reynolds number after a particular value. Therefore, in order to generalize
this correlation, in other words, in order to generalize the correlation by ruling out
the device geometry, they have used the concept they call the effective height.
Taking the effective height of ramp-type MVG to be equal to its actual height, they
have equalized the maximum value of non-dimensional circulation of all the devices.
The resulting correlation is given in Figure 1.10. As can be seen from Figure 1.10, it
was found that the vortex strength of MVGs having an effective device Reynolds
number (he") higher than 1400 falls into a single line.

40

354 T Laeeeeeeeaaa. Y Bl

#Forwards wedge
30 4 M Backwards wedge
X X AJoined vanes

i h X X 1h split vanes
25 ! °
@ 2h split vanes

or -

+Vane, alp = -10 deg.

201 ©OVane, alp = 20 deg.

AVane, alp = 30 deg.

159 OVane alp = 45 deg.
'

0 New vane, alp = -10 deg.

104/

0 500 1000 1500 2000 2500 3000 3500
h+

Figure 1.9 Non-dimensional circulation versus device Reynolds number for different
MVGs at five device heights downstream of the MVGs [40].
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Figure 1.10 Generalized non-dimensional circulation versus device Reynolds
number for different MVGs at five device heights downstream of the MVGs [40].
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MVGs found some applications in the wind energy field. Velte and Hansen [44]
examined the effects of counterrotating vane-type MVGs on an airfoil to achieve
separation control on DU 91-W2-250 airfoil, which is a wind turbine dedicated
airfoil. The MVGs, having an h/d ratio of 0.56, were placed on 20% of the airfoil
chord. The MVGs altered the flow to have much less or no separation, resulting in
an improved lift-to-drag ratio. At far downstream positions (x/h=48), flow structures
induced by the MVGs covered the entire boundary layer thickness, exceeding the
MVG height. In their numerical study, Martinez-Filgueira et al. [45] studied vane-
type vortex generators with five different heights, the largest having the same height
as the local boundary layer thickness, whereas the smallest having a height of 20%
of the local boundary layer thickness. The results showed that all the vortex
generators with different heights have the same trends of vortex trajectories
compared with the vortex generator with a height equal to the local boundary layer
thickness, except the smallest one. Yan et al. [46] investigated the effects of MVGs
on the aerodynamic performance of an airfoil and a vertical-axis wind turbine rotor.
Results showed a significant increase in the lift-to-drag ratio for the airfoil with an
increase of 2° in the stall angle. For the wind turbine, with the MVGs installed, the
power production was found to be increasing even at a high tip speed ratio, whereas

the power production was low for the uncontrolled case.

Another potential application of MVGs is on fuselages of rotary wing aircraft. Tai
[47] numerically investigated the effects of MVGs on the V-22 for forward flight
configuration. They have installed ten counterrotating vane-type MVGs to the
overwing fairing of V-22. The MVGs created a beneficial effect on both lift and drag
coefficients. However, the results showed that in order to achieve separation
alleviation and use the full potential of MVGs, consideration must be given to the
chordwise location and the incidence angle of the MVGs. Syahin et al. [48]
conducted wind tunnel experiments on a helicopter fuselage that is designed for a
wing-in-ground effect vehicle at a velocity range of 1 m/s to 10 m/s with and without
ramp-type MVGs. Up to a 21% reduction in drag coefficient was achieved with
MVGs.
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MVGs found applications in supersonic flow regimes as well, with an ever-growing
interest, especially in the control of shock-induced separation, which is a result of
Shockwave Boundary Layer Interactions (SBLIs). SBLIs result in rapid retardation
of the boundary layer, forcing it to thicken and possibly separate [49, 50, 51]. SBLIs
are omnipresent in high-speed flows, increasing drag and flow unsteadiness on
transonic wings [52, 53, 54], causing blade losses, decreased intake efficiency, and
disturbed flow in the compressors of gas turbines [55, 56], separated boundary
layers, flow unsteadiness and even engine unstart on supersonic [57, 58] and
hypersonic inlets [59]. Therefore, controlling the SBLIs in external and internal

flows is crucial for high-speed applications [60].

McCormick [61] compared wheeler doublet-type MVGs with a passive cavity to
control a large separation bubble induced by SBLI. The results showed that MVGs
significantly suppress the separation bubble; they result in a significantly thinner
boundary layer downstream of the shock and decreased boundary layer losses, with
a boundary layer having a considerably lower shape factor. However, by suppressing
the separation, MVGs cause the lambda foot to be weaker. The lambda foot shock
system is an oblique shock system induced by separation, and it suffers less total
pressure loss than a normal shock. In comparison, the passive cavity reduced the total
pressure loss, however, with increased boundary layer losses. The considerable
extension of the lambda foot shock system can explain this physically. The effects
of both approaches on the lambda foot shock system can be seen in the sketches and
total pressure measurements given in Figure 1.11. The author states that both control
methods have advantages and disadvantages. For example, if the application is an
airfoil aiming to reduce wave drag, a passive cavity is probably the best option
among the two. If the application is a supersonic diffuser, MVGs seem to be the best
choice since they can successfully reduce the separation induced by SBLI, allowing
more pressure recovery, which can also compensate for the increased shock loss.
Mounts and Barber [62] conducted an accompanying CFD study with a ramp-type
MVG at a Mach number of 1.4. Although it is impossible to directly compare the
two studies, the CFD study supports the experimental results, showing a significant

reduction in the separation bubble size, resulting in a more rapid pressure recovery.
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Figure 1.11 Total pressure ratio through the boundary layer. Y is the wall-normal
distance, and R is the local radius of the test section, obtained 206 downstream of
the shock system (image reconstructed by Lin [41] from [61]).

Lee and Loth [63] conducted an extensive numerical study on various types of
MVGs for controlling SBLI at Mach 3, employing Monotone Integrated Large Eddy
Simulations. They have concluded that the vortices generated by MVGs can partially
eliminate the flow separation induced by the shock and that they are able to move
further downstream to entrain momentum flux, resulting in a boundary layer
recovery. Among the MVG types they have studied, namely ramp-type (including
half width and half height), vane-type, split ramp-type, and thick vane, the ramp-type
MVG resulted in thinner downstream displacement thickness; however, they have
generated the weakest vortices as they decayed faster compared to the others.
Moreover, they have compared their results for both vane and ramp-type MVGs with
the results of Ashill et al. [43], which is a study conducted under a zero pressure
gradient at subsonic freestream velocities. The comparison of the vortex core
trajectory showed that the subsonic data followed virtually the same non-
dimensional trajectory up to x/h=20. After this position, the trajectories from the
subsonic data continue to rise contrary to their supersonic counterparts, as an

impinging shockwave is present for the supersonic case tilting the MVG wake.
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Supersonic inlet performance is highly related to the development of the boundary
layer through the inlet. Anderson et al. [64] studied the design of three different
MVG arrays having h/d ratios of 0.25 to 0.4 for a supersonic inlet using the results
from experiments and CFD at Mach 2. They have employed the Design of
Experiments methods for the optimization. All three devices had comparable effects
with boundary layer bleed. Moreover, MVGs resulted in boundary layers that can
withstand an SBLI. The authors concluded that ramp-type MVGs are the most
practical option since they are fail-safe, mechanically robust, and affordable. An
agreeing study was conducted by Herges et al. [65]. They have used an array of
ramp-type MVGs in order to control the SBLI for a supersonic inlet at Mach 1.4.
They have concluded that ramp-type MVGs can enhance the boundary layer that is
already controlled by bleed; moreover, they can even replace the bleed altogether.
Babinsky et al. [66] studied the effects of counterrotating vane-type MVGs having
an h/d ratio of 0.2 on the performance of a mixed compression inlet at Mach 1.3 and
1.5. The results showed that MVGs are able to reduce the separation size
significantly in all conditions. However, it was found that with increasing Mach
number, the separation control effectiveness of the MVGs was reduced. The authors
state that MV Gs might be used for supersonic inlets to reduce the bleed requirements,
thus increasing the inlet performance. Oorebeek et al. [67] conducted an
experimental study using Laser Doppler Anemometry (LDA) to compare the effects
of MVGs and bleed on supersonic boundary layers at Mach numbers 1.5 and 1.8.
MVGs resulted in similar increases in skin friction coefficients with bleed.
Considering that the bleed system removed up to 10% of the incoming mass flow
from the boundary layer, MVGs offer a better solution in this case. Baruzzini et al.
[68] also studied the application of MVGs for supersonic inlets. Their numerical
study employed vane-type and ramp-type MVGs alongside a porous bleed at Mach
numbers of 2 and 2.5. The results showed that the effect of the bleed limited the
vortex lift-off characteristics of vane-type MVGs, whereas the ramp-type MVGs
performed better in that manner as the vortices they created transferred high-energy
fluid to the targeted region of the boundary layer. However, for both types of MVGs,

it was suggested that the MVGs should not be placed on porous surfaces since the
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bleed degraded their effects. When placed on a solid wall, vane-type MVGs
exceeded the performance of their ramp-type counterparts of equal heights.
However, the authors noted that as the vane-type MVGs are susceptible to thermal
erosion due to excessive aerodynamic loading, they might create potential foreign
object damage, whereas the ramp-type MVGs are thought to be more durable to these
effects. Ghosh et al. [69] conducted a numerical study at Mach 2.5 on the effects of
ramp-type MVGs on SBLI employing a Reynolds Averaged Navier Stokes (RANS)
based method with a k-o model. They have utilized immersed-boundary methods to
simulate the high-speed flow over the MVG with fewer grid points than body-fitted
grids. The numerical results were compared with the LDA measurements of
Babinsky et al. [50]. They have concluded that using RANS with an immersed-
boundary model is applicable to simulate the flow over an MVG array as their

numerical predictions are validated with the experimental results.

Researchers also focused on the wake structures of MVGs, especially the ramp-type
MVGs. The Large Eddy Simulations (LES) study by Li and Liu [18] focused on the
separation control created at a supersonic ramp, a prototype SBLI problem that often
exists in supersonic inlets. They have recorded agreeing results with the previous
studies, as the MVG reduced the separation significantly and improved the shape
factor. Through the LES, they have reported new findings on the control mechanism
of ramp-type MVGs, vortex rings generated through the action of Kelvin-Helmholtz
(K-H) instability. The vortex rings were found to strongly interact with the separation
zone and separation shock, playing an essential role in the flow control mechanism
of ramp-type MVGs. Vortex rings appear in the immediate downstream of the MVG
and grow in size and become more irregular further downstream, while the
streamwise vortex pair becomes weaker and eventually decays at a particular
downstream position. Sun et al. [70] investigated the three-dimensional
instantaneous flow characteristics in the near wake of a ramp-type MVG having an
h/d ratio of 0.66 at Mach 2 employing tomographic PIV. The mean results agreed
with the previous studies as the counterrotating vortex pair is produced and lifted off
from the wall further downstream. The instantaneous flow structure showed a train

of arc-shaped vortices generated through the action of Kelvin Helmholtz (K-H)
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instability, which occurs in the shear layer that bounds the wake. The presence of
vortices created by K-H instability affects the instantaneous flow as the K-H vortices
interact with the streamwise vortex pair, rendering the instantaneous wake rather
complex. In a following study [71], they investigated the decay of the wake of two
ramp-type MVGs having h/d ratios of 0.57 and 0.77. The comparison of the height
of MVGs showed that the larger MVG created stronger streamwise vortices,
resulting in a stronger upwash. Moreover, larger MVGs created higher minimum
streamwise and wall-normal velocity components with a slower wake recovery,
meaning that the wake created by a larger MVG persists more than that created by
its smaller counterpart. They have also proven that the wake of an MVG collapses
into a single curve in terms of streamwise velocity, wall-normal velocity, and
turbulent quantities, showing that the wakes of MVGs are self-similar. Another study
[72] by the same research group compared the tomographic PIV results with the
numerical results employing Implicit Large Eddy Simulations (ILES). They used the
same ramp-type MVG with an h/6 ratio of 0.8 at Mach 2. The ILES results compared
well with the experimental results for the streamwise velocity component, with the
ILES results predicting a faster wake recovery. For the wall-normal component, the
ILES results estimated the peak velocity to be 0.24U., whereas the experiments
showed the same peak as 0.34U.. The results indicated that the presence of K-H
vortices vigorously undulates the shear layer that bounds the MVG wake. The K-H
vortices, as they interact with the streamwise vortex pair, develop from an arch shape
to a full ring shape in the far wake. These studies, in conclusion, clarify the presence
of the K-H vortices in the ramp-type MVG wake. To consolidate their studies and
previous descriptions by Babinsky et al. [50] and Li and Liu [73], they have
suggested a conceptual model describing the ramp-type MVG wake in terms of the
evolution of the vortical organization (Figure 1.12). In this conceptual model, the
streamwise vortex pair is shown as focused filaments that occur in the immediate
downstream of the MVG. However, as the curved shear layer around the wake
rapidly becomes unstable, arch-shaped K-H vortices are generated. As the wake
progresses, the leg portions of the arch-shaped K-H vortices extend to the lower side

of the wake by the action of the streamwise vortices, eventually forming a vortex
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ring (as shown in the lower right of the conceptual model). The vortex ring breaks

down as they are subjected to turbulent distortion.
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Figure 1.12 Conceptual model for the vortical organization in the ramp-type MVG
suggested by Sun [71].

Giepman [74] experimentally studied the effects of the location and the size of ramp-
type MVGs on the oblique shockwave reflection, the criterion of effectiveness being
the size of the shock-induced separation bubble and reflected shock unsteadiness.
They have used MVGs with h/d ratios of 0.38, 0.56, and 0.77 for their PIV
measurements. The larger MVGs were more effective in reducing the area of shock-
induced separation than the smallest MVG, as they reduced the area of separation up
to 87%. Larger MVGs were also effective at reducing the reflected shockwave
unsteadiness. However, they state that caution must be taken as with increasing
MVG height, the drag force increases. They have investigated the momentum added
to the near-wall region by calculating the momentum flux contained in the region
having a height up to 43% of the boundary layer thickness, where the separation
bubble is most sensitive to the momentum flux. The results showed that the added
momentum flux by ramp-type MVGs scaled linearly with their height since the
device Reynolds number values of the MVGs used are well above 1400 (Figure
1.10). Their follow-up study [75] investigated the effects of Mach and Reynolds
numbers on the wake of ramp-type MVGs. This parametric study investigated a

range of Mach numbers (1.5 to 2.5) and Reynolds numbers (28x10° m™! to 63x10°
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m™). It was found that most of the flow features of the wake, namely, the wake
height, wake strength, vortex core height, and the added momentum flux, were
scaling linearly with the device height. The control effectiveness of the ramp-type
MVGs was reduced with the increasing Mach number since the added momentum
flux to the near-wall region is reduced due to the weaker streamwise vortices,
consistent with the results of Babinsky et al. [66]. The Reynolds number had no
effect on the wake flow features. However, a slight effect was recorded as the mixing
was increased at higher Reynolds numbers, shown by the slight decrease in the shape
factor. The shape factors were 1.21 and 1.18 for freestream Reynolds numbers of

28x10°m™ and 63x10° m™!, respectively.
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1.3 Objectives and Scope

This study investigates the wake flows generated by ramp-type MVGs in subsonic
flows and compares the findings with those in supersonic flows that are available in
the literature to explore the similarities between the two flow regimes. In order to do
that, the undisturbed boundary layer is characterized utilizing hot-wire anemometry
to determine the device heights. Then, the wakes generated by three ramp-type
MVGs having the same design but different heights (i.e., different h/6 ratios) are
investigated experimentally using the two-dimensional two-component Particle

Image Velocimetry (2D2C PIV) technique.

A three-dimensional numerical study is conducted, which complements the two-
dimensional results of the 2D2C PIV experiments and enhances the range of h/6
ratios with two more MVGs with increased device heights. After the validation of
the numerical study with the experimental results and after the addition of two more
MVGs utilizing the numerical simulations, the effect of device height is investigated
in terms of the velocity components, the out-of-plane vorticity component,
streamwise vorticity component, and various decay parameters for five different h/6
ratios ranging from 0.18 to 0.54. The wake decay features of MVGs are also
investigated in spanwise planes in terms of the velocity components, allowing the
examination of the three-dimensional influence of the MVGs in the wake and the
effect of h/d on that. Moreover, the similarities between the subsonic and supersonic

wakes are discussed regarding the wake decay parameters.

With the experimental and numerical simulation results established, a wake model
for the ramp-type MVGs is constructed using the self-similarity of the wake and
various decay parameters. In order to do that, first, the self-similar behavior of the
ramp-type MVG wake is examined in terms of streamwise and wall-normal velocity
components. Then, a wake model is constructed by employing the self-similarity of
the wake and the decay parameters, such as the decay of the maximum velocity
deficit and the maximum upwash velocity and their positions. The wake model,

which is constructed employing the results of experimental measurements and
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numerical simulations conducted in subsonic regimes, is then used to reconstruct the
wakes of ramp-type MV Gs in supersonic flow conditions in terms of streamwise and
wall-normal velocity components at various streamwise positions. Moreover,
utilizing the difference in the decay characteristics of larger MVGs, a method to
designate the limit between MVGs and conventional (8-scale) vortex generators is

suggested.

14 Thesis Outline

Chapter 1 presents the introduction, starting with the definition of boundary layer
control with examples of applications from the literature with emphasis on
conventional (9-scale) vortex generators. The introduction continues with the
utilization of MVGs for boundary layer control in various applications for supersonic
and subsonic regimes. Chapter 2 describes the experimental facilities and the
measurement techniques employed along with the undisturbed boundary layer and
resulting MVG design and production. Chapter 3 investigates the wake
characteristics of ramp-type MVGs experimentally. The numerical case is described
in Chapter 4, along with the validation of the numerical results with their
experimental counterparts. Chapter 5 investigates the decay of ramp-type MVGs and
the effect of height on the wake, employing the numerical simulation results.
Moreover, the decay characteristics of ramp-type MVGs in subsonic flow regimes
are compared with their supersonic counterparts. A wake model named the Ramp-
Type MVG Wake Model is presented in Chapter 6 with reconstructions of ramp-type
MVG wakes in supersonic conditions in terms of streamwise and wall-normal
velocity components using the model. Finally, Chapter 7 presents the conclusions of

this study.
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CHAPTER 2

EXPERIMENTAL SETUP

This chapter introduces the experimental setup and the measurement methods in

order to characterize the MVGs.

2.1 Wind Tunnel Facility

Experiments were conducted in the METUWIND C3 (Figure 2.1) open-return
suction-type boundary layer wind tunnel located at METU Center for Wind Energy
(RUZGEM), which has a test section of 1 x 1 x 8 m® (height x width x length),
allowing for measurements with relatively large boundary layer thickness. The
maximum velocity of the METUWIND C3 is 25 m/s with an average turbulence
intensity of 0.35% at the inlet.

Figure 2.1 Open-return suction-type boundary layer wind tunnel (METUWIND C3)
at METU Center for Wind Energy Research (RUZGEM).

The wind tunnel is controlled via an in-house developed close-loop LabVIEW code,
allowing the tunnel to be operated with constant Rotations per Minute (RPM),
constant Reynolds number, and constant velocity. Figure 2.2 shows a sketch of the
METUWIND C3 wind tunnel, the instruments, the sensors used for the control
system, the MVG, and its approximate field of view (FOV). The wind tunnel is

instrumented with static pressure taps (8 in total) at two locations on the contraction
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cone surface, and the pressure difference is measured through a 4-20 mA pressure
transmitter. A pitot-static tube is mounted inside the test section on top of the MVG
to measure the static and total pressure of the incoming flow. A 16-channel pressure
scanner is employed for the pitot-static pressure measurements. The air temperature
and humidity are measured at the end of the test section. The atmospheric pressure
is monitored by employing a handheld barometer. For the experiments, the wind
tunnel is used in constant velocity mode. For that, the wind tunnel is calibrated at
different fan RPM values while the measurement devices and the MVGs are placed
inside to take the blockage effects into account. A separate calibration is performed

for each MVG.
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Figure 2.2 Sketch of the METUWIND C3 wind tunnel, including the MVG and the
instruments and sensors for the close-loop control system.
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2.2 Undisturbed Boundary Layer Measurements

Undisturbed boundary layer measurements are conducted to determine the boundary
layer thickness upstream of the MV G at a freestream velocity of 10.1 m/s. The results
of the measurements were then employed to design the MVGs used and the

numerical simulation work done within this study.

Figure 2.3 shows the sketch of the undisturbed boundary layer measurements setup
and the coordinate system. These measurements are conducted via hot-wire
anemometry without the presence of any MVGs and without any elements to alter
the boundary layer. A single-wire, 90° angled (L-type) hot-wire probe is placed 6.2
m downstream of the inlet, corresponding to a position 7 mm upstream of the leading
edge of the MVG for the PIV measurements. This location is selected to let the
boundary layer develop and have a relatively higher thickness, allowing to conduct
measurements for a range of MVGs with different heights for which the smallest is
producible. The boundary-layer hot-wire probe is traversed over a distance of 210
mm in the wall-normal direction (y-axis), the first measurement point being 10 mm
away from the bottom wall of the wind tunnel. The first 100 mm is covered with a
step size of 1 mm, and the rest is covered with a step size of 2 mm. The velocity data
is collected at a sampling rate of 10 kHz for a sampling time of 30 seconds at each

measurement step.
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Figure 2.3 Sketch for the undisturbed boundary layer measurements

The boundary layer profiles in terms of velocity and turbulence intensity are shown
in Figure 2.4. Due to the fact that hot-wire probes are sensitive to the inclination of

the incoming flow [76], the velocity in Figure 2.4 is denoted as Ues, which is the
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effective hot-wire cooling velocity. However, since the hot-wire probe employed for
the undisturbed boundary layer measurements was placed parallel to the bottom wall
of the wind tunnel and well downstream of the wind tunnel inlet, the effective hot-

wire cooling velocity was assumed to be equal to the streamwise velocity.
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Figure 2.4 Results of the undisturbed boundary measurements (a) Streamwise
velocity distribution of the undisturbed flow. (b) The turbulence intensity
distribution of the undisturbed flow.

In Figure 2.4 (a), the streamwise velocity is normalized by the freestream velocity,
and the wall-normal distance is normalized by the resulting boundary layer thickness,
estimated to be 111.3 mm from the bottom wall. The boundary layer thickness is
estimated using the velocity gradient profile in the wall-normal direction after
applying a running-average filter to the velocity profile with a kernel size of 9 data
points. A power-law fit is also included in Figure 2.4 (a). The resulting boundary
layer thickness (8), as well as the other boundary layer parameters, displacement
thickness (5°), momentum thickness (), shape factor (H), momentum thickness
Reynolds number, and friction velocity (Ur) are calculated and tabulated in Table
2.1. The equations used for the calculation of the boundary layer parameters are

given in equations 2.1 to 2.6.
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Displacement thickness:

Momentum thickness:

Uso Us
Shape factor:
H= il
G

Momentum thickness Reynolds number:

Uy 0

REQ = i
U

Friction velocity:

Where 7 is the wall shear stress, calculated by using the velocity gradient:

T=,UE

Table 2.1 Undisturbed boundary layer properties

d[mm] & [mm] 6 [mm] H Reg U [m/s]

111.31 8.11 6.74 1.2 4016
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Figure 2.5 illustrates the dimensionless velocity (U"), the velocity normalized by the
friction velocity (Us), and the length scale y*, calculated using Equation 2.7. It can
be seen that the region of y"=350 to 2500 of the undisturbed boundary layer profile

is resolved utilizing the hot-wire anemometry (HWA) measurements.

y* = [2.7]
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Figure 2.5 Dimensionless streamwise velocity of the undisturbed boundary layer.

2.2.1 Design of the Micro Vortex Generator

The ramp-type MVGs used in this study have the same design used by Sun [77],
which follows the micro-ramps suggested by Anderson [78]. Three MVGs having
heights of 20 mm, 30 mm, and 40 mm, named MVG2, MVG3, and MVG4,
respectively, are used in this study. All of the MVG models used for experimental
work are 3-D printed in RUZGEM (METU Center for Wind Energy Research).
Dimensions of all MVGs and corresponding h/d ratios are given in Table 2.2, where
0 is the boundary layer thickness as measured by the undisturbed boundary layer
measurements. Figure 2.6 shows the sketch for the MVG design and CAD models
of MVGs used in this study, along with 3-D printed MVGs.
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Table 2.2 MVG dimensions and their corresponding h/d ratios.

MVG h w c a h/o
Design - 6.1h 6.9h 24° -
MVG2  20mm 122mm 138 mm 24° 0.18

MVG3 | 30mm 183 mm 207 mm 24° 0.27
MVG4 | 40mm 244 mm 276 mm 24° 0.36

(2)

S >
o h
s

¢=6.9h

MVG4 MVG3 MVG2

Figure 2.6 (a): The sketch for the MV G design (b): CAD models of MVGs used. (¢):
3-D printed MVGs.

2.3 Measurement Details

Two-dimensional two-component Particle Image Velocimetry (2D2C PIV)
measurements are conducted downstream of the MVGs in a streamwise-oriented
plan aligned with the central axis of the MVG. The components used in the
measurements are summarized in Table 2.3. The PIV setup consists of a New Wave
Research Solo 120XT Nd:YAG 532 nm laser, a Phantom V640 high-speed camera
equipped with a Nikon Nikkor 60 mm lens, and a Dantec Dynamics timer box. The
laser beam emitted from the laser head parallel to the z-direction and directed
upwards parallel to the y-direction employing a mirror (Figure 2.7). Then, the beam

passes through a spherical and a cylindrical lens to be converted into an
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approximately 1 mm thick laser sheet, focused in a region that covers the camera’s
field of view. The flow is seeded with fog of droplets with a mean diameter of 1 um,
created by employing a SAFEX fog generator. The time between the two laser pulses

is defined as 70 us, and the repetition rate is selected to be 10 Hz.

The laser head, camera, and spherical and cylindrical lenses are mounted on a three-
axis heavy-duty traverse system, allowing the setup to be traversed to acquire more
windows. The setup is traversed in streamwise (x) and wall-normal (y) directions for
MVG3 and MVG4 to acquire eight windows total, whereas it is traversed only in the
streamwise (x) direction for MVG2 to acquire four windows since the shear layer
created by MV G2 is captured in the first wall-normal row of windows. The resulting
fields of view for all three MVGs are shown in Figure 2.8 in dimensionless distance
units of x/h and y/h for each MVG. The windows are acquired such that there are 5%
and 10% overlap regions between the neighboring windows in the streamwise and
wall-normal directions, respectively. The limits in both streamwise (x) and wall-
normal (y) directions in terms of device heights get smaller with increasing device
height due to the placement of MVGs 6.2 meters downstream of the wind tunnel
inlet. That is why the experimental campaign is limited to MVG4, having a device

height of 40 mm.

Figure 2.7 A photograph and a sketch of the PIV setup. Showing the traverse, the
camera, laser, and the optics with the placement of MVG in the wind tunnel,
including the coordinate system used.
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Figure 2.8 PIV measurement domain showing the windows with the overlap regions

and fields of view dimensions for MVG2, MVG3, and MVG4.

A thousand double-frame particle images are acquired and preprocessed by applying

opening, closing, and median filters to improve image quality and remove

background noise for each window. Image masking was applied to mask the MVGs

since they presented obstructions in the field of view. Then, using a two-step

adaptive correlation analysis with the final interrogation window of 64x32 pixels?

and 50% overlap, vector spacings of 1.2 mm along the streamwise direction and 0.6

mm along the wall-normal direction are obtained in the resulting vector maps. The

vector fields are then stitched to provide a clear picture of the flow pattern in the

wake of the MVGs.
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Table 2.3 Components of the 2D2C PIV measurements.

Laser Type Nd:YAG
Manufacturer New-Wave Research
Laser Sheet Model Solo 120XT
Maximum Energy 120 mJ/pulse
Wavelength 532 nm
Thickness ~1 mm
Mirrors Dielectric Mirror
. Plano-convex,
Optics Spherical Lens Focal Length: 500 mm
Cylindrical Lens Flanggpicave,
Focal Length: -12.4 mm
Model Phantom V640
Sensor Type CMOS
Sensor Resolution 2560x1600 pixel?
Sensor Size 25.6x16 mm?
Camera Pixel Pitch 10 pym
Pixel Depth 12 bits
Maximum Repetition 1400 fps @ Full resolution
Rate 2500 fps @ 1920x1080
Internal Memory Buffer 16 GB
Manufacturer Nikon
Camera Lens Focal Length 60
t# 2.8
Type Fog
Seeding Nominal Diameter I pm
Generator SAFEX
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CHAPTER 3

WAKE CHARACTERISTICS OF MICRO VORTEX GENERATORS

This chapter investigates the wake characteristics of MVGs utilizing the results of
2D2C PIV measurements. The flow field properties investigated are streamwise
velocity, wall-normal velocity, vorticity, streamwise and wall-normal velocity
fluctuations, and Reynolds shear stress. These properties are presented in terms of
contours and extracted profiles at various x/h locations in order to gain insight into

the general characteristics of a ramp-type MVG wake.

As explained in the experimental setup chapter, the fields of view for the MVGs
differ due to wind tunnel limitations. Therefore, profiles are extracted for MVG4 up
to 15 device heights, MVG3 up to 20, and MVG2 up to 30 for all properties

investigated in this chapter.

3.1  Decay of Time-Averaged Velocity Components

The flow fields created by the three MVGs were investigated regarding streamwise
and wall-normal velocity components in both near and far-wake regions.
Experimental results for MVG2, MVG3, and MVG4 are used to discuss the general
characteristics of ramp-type MVGs.

3.1.1 Streamwise Velocity

The development and decay of the streamwise velocity component (U) normalized
by the freestream velocity are shown in Figure 3.1 for MVG2, MVG3, and MVG4.
The wake characteristics for all MVGs are quite similar, with some variations
primarily due to the height difference. An example of these variations is the lift-off

behavior characterized by the movement of the maximum streamwise velocity deficit
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away from the wall. The lift-off behavior of MVG wake is distinctly seen in the
contours for all three MVGs. However, it is seen that the lift-off is more pronounced
with increasing MVG height. As the height increases, a velocity distribution with
higher magnitudes is observed between the wall and the maximum deficit point. The
contours also indicate that with increasing MVG height, a streamwise velocity
distribution with higher magnitudes is observed between the wall and the maximum
deficit point. This increase shows that high-momentum fluid penetrates more with
larger MVGs to the near-wall region, indicating that stronger streamwise vortex pairs
are created with larger MVGs. Moreover, a distinct shear layer, which divides the
freestream flow and the wake and bounds the streamwise vortex pair between itself
and the wall, is observed in all the contour plots. As the MVG height increases, the
shear layer becomes more prominent as the angle at which the shear layer develops
increases with increasing height, indicating a stronger turbulent mixing due to larger

vortex pairs and increased coherent upwash motion [77].
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Figure 3.1 Contours of normalized streamwise velocity
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In order to quantify the discussion above, wall-normal profiles are extracted from
the 2D2C PIV data at four downstream stations, namely x/h=5, 10, 15, and 20 (Figure
3.2). The behavior of the streamwise velocity profiles for all the MVGs is similar,
with some differences. For example, at x/h=5, the maximum velocity deficit is 48%
for MVG2, 54% for MVG3, and 58% for MV G4, indicating that Figure 3.2 shows
the streamwise evolution of normalized streamwise velocity profiles for each MVG.
It can be observed that the location of the minimum streamwise velocity (i.e.,
maximum velocity deficit) shifts upwards for all three MVGs, caused by the upwash
motion created by the streamwise vortex pair. The decaying wake further
downstream is seen from the filled and flattened profiles. For example, at x/h=15,
the maximum velocity deficit is 68% for MVG2, 70% for MVG3, and 71% for
MVG4, indicating that the height effect starts to diminish further downstream,

resulting in collapsing profiles as the wakes recover.
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Figure 3.2 Profiles of normalized streamwise velocity at different downstream

positions. a) x/h=5, b) x/h=10, c¢) x/h=15.
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Figure 3.3 Streamwise evolution of normalized streamwise velocity profiles. a)
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3.1.2 Wall-Normal Velocity

Contours of wall-normal velocity normalized with the freestream velocity are given
in Figure 3.4 for all three MVGs. The effect of MVG height is more pronounced in
the wall-normal velocity contours, as they clearly display the upwash motion
compared to the streamwise velocity contours. It is also seen from the wall-normal
velocity contours that, with increasing MVG height, the magnitude of the wall-
normal velocity in the wake is increased; this is more obvious just downstream the
MVGs. In order to quantify the above discussion, wall-normal profiles are extracted
from the 2D2C PIV data at four downstream stations, namely x/h=5, 10, 15, and 20,
and shown in Figure 3.5. The wall-normal velocity profiles clearly show the MVG
height effect, as the increasing MVG height results in an increased wall-normal
velocity downstream of the MVG. The profiles at x/h=5 show this effect as the values
of maximum wall-normal velocity are 25%, 32%, and 37% of freestream velocity
for MVG2, MVG3, and MVG4, respectively, which in turn indicates that as the
MVG height increases, the strength of the induced vortex pair, therefore, the mixing
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effect generated by the MVG increases. As the wake recovery progresses, the wall-
normal velocity profiles seem to collapse for all the MVGs downstream. The
decreasing discrepancy of wall-normal velocity between the MVGs with different
heights shows that the strengths of the upwash motions created become closer as the
wake recovers further downstream. This comparison can also be made from Figure
3.6, as it shows the downstream progress of the wake for each MVG. At x/h=15, the
values of maximum wall-normal velocity are 8%, 10%, and 12% of the freestream
velocity for MVG2, MVG3, and MVG4, respectively, which indicates the
diminishing height effect downstream as the wake decays. The recovery of the wall-
normal velocity can be seen much better for MVG2 since more data is available
downstream, as the percentage becomes 3% at x/h=35.
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Figure 3.4 Contours of normalized wall-normal velocity.

37



a)

x/h=5 b)
S5 . we
a MVG3
MVG4
4 4
3
] fg’}
= [ %
>
2* “JJDH“A
" y 4
: 5o 2 E
pas
0»‘\\\\\\\\\\\\\\\\\\[\
0 01 02 03 04
ViU,

x/h=10

@
n3

NN RN N |

0 01 02 03 04
VIU_

c)

x/h=15

o
oo

I &

Lo

_;f

B Lo liiia il

0 01 02 03 04
ViU,

Figure 3.5 Profiles of normalized wall-normal velocity at different downstream

positions. a) x/h=5, b) x/h=10, ¢) x/h=15.

MVG2

x/h=5

x/h=10
x/h=15
x/h=20
x/h=25
x/h=30

b)

o

O\D\HMHMHHMHI\
0 01 02 03 04

VIU_

. T A A

MVG3

J

11

0 041

Ll I
0.2 03 04

VIU_

c)

MVG4

Figure 3.6 Streamwise evolution of normalized wall-normal velocity. a) MVG2, b)
MVG3, ¢c) MVG4.

38



3.2 Vorticity Distributions

Contours of out-of-plane vorticity (€2,) normalized by the height of MVGs and the
freestream velocity are given in Figure 3.7. The increased vorticity levels are an
indication of momentum transfer, which in turn shows the presence of mixing in the
wake. Higher levels of vorticity are seen as the MVG height increases especially in
the shear layer. At the near wake region, the level of negative vorticity is nearly
doubled when the MVG height is doubled. However, as the flow progresses
downstream, the vorticity levels of the MVGs at the shear layer start to equalize.
This is clearly seen when the vorticity levels are compared for MVG2 and MV G4 at
x/h=5 and 15 (Figure 3.8). The values of vorticity seem to be equalized for MVG3
and MVG4 at x/h=10, showing that such a height difference does not increase the
mixing after a certain downstream distance. Figure 3.9 shows the streamwise
evolution of the vorticity levels for each MVG. It can be seen that the peak negative
level of vorticity is moving away from the wall, clearly indicating the upward
movement of the wake. Further downstream, the profiles are flattened as the wake

decays.
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33 Turbulence Properties

3.3.1 Velocity Fluctuations

Contours of streamwise and wall-normal velocity fluctuations normalized by the
freestream velocity are seen in Figure 3.10 and Figure 3.11. The contours show that
the velocity fluctuations follow the same lift-off trends that are seen in the velocity
components. The contours also reveal the shear layer in the wake, with increased
values of fluctuations concentrated in the region where the shear layer is expected to

be.
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Figure 3.10 Contours of normalized streamwise velocity fluctuations.
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Figure 3.11 Contours of normalized wall-normal velocity fluctuations.

The extracted profiles of the velocity fluctuations comparing MVG2, MVG3, and
MVG4 at x/h=5, 10, and 15 are given in Figure 3.12 and Figure 3.13 to illustrate the
height effect on the velocity fluctuations. As is the case for streamwise and wall-
normal velocities, the effect of the MVG height is more pronounced for the wall-
normal component of the velocity fluctuations, as the streamwise velocity
fluctuations tend to equalize for all the MVGs further downstream. The contours of
normalized velocity fluctuations, especially for the streamwise component (Figure
3.10), show a concentration of slightly higher values near the wall, up to around three
device heights, indicating the formation of the secondary vortices due to the shear
between the primary vortices and the wall. To display the secondary vortices in a
more quantified fashion, profiles of velocity fluctuations are extracted at x/h=2 and
given in Figure 3.14. The profiles show the rapid decay of the secondary vortices as
the peaks seen at x/h=2 are flattened at x/h=5 (Figure 3.12 and Figure 3.13). The
streamwise evolutions of streamwise and wall-normal velocity fluctuations are given

in Figure 3.15 and Figure 3.16. The profiles indicate the lift-off of the MVG wake.
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The trends for the streamwise and wall-normal velocity fluctuations are quite similar
as they flatten further downstream. The concentration of the peaks on the upper part
of the wake, indicating the shear layer, is seen in both streamwise and wall-normal
velocity fluctuations. Moreover, the increase seen in the fluctuations, i.e., the peaks,
is explained by Herges [65] as a consequence of the presence of the streamwise
vortex pair. However, the increased fluctuations seen at the shear layer where the
vigorous motion of the Kelvin-Helmholtz (K-H) instability is dominant indicates the
presence of the K-H instability, which is already shown by Sun [77] in supersonic
flow regimes. The following section investigates the possible presence of K-H

instability in subsonic flow regimes.
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3.3.2 Reynolds Shear Stress

The shear layers generated by the MVG wakes are evident from the normalized
Reynolds shear stress contours (Figure 3.17). The large-scale turbulent structures
generated by the MVGs are seen clearly from the high magnitude of the Reynolds
shear stress values. The concentration of negative peaks in the top part of the shear
layer shows the shearing effect of the MVG wake, whereas the positive peaks show
the upwash motion of the wake, indicating the high mixing activity in the wall-
normal direction [65, 77]. The shear layer continues to be observed further
downstream; however, it starts to weaken for MVG2 after approximately 14 device
heights. This is especially valid for the positive peaks of the Reynolds shear stress,

indicating the streamwise position at which the mixing activity diminishes.

In contrast to MVG2, the extent and the strength of the shear layer are more
significant with increasing device height for both positive and negative peaks of the
Reynolds shear stress. In order to quantify the above discussion, the MVGs are
compared by extracting profiles at various x/h locations in terms of Reynolds shear
stress in Figure 3.18. As expected, the two peaks, one negative and one positive, seen
in the contours are also seen in the profiles, with the values tending to zero as they
approach the freestream. Similar to the distributions of vorticity and velocity
fluctuations, distributions for MVG3 and MV G4 resulted in comparable values, with
MVG4 showing slightly higher lift-off as the peaks of Reynolds shear stress are
located in higher y/h positions. In comparison, the profiles for MVG2 indicate more
flattened distributions, especially at further downstream stations. Figure 3.19 shows
the streamwise evolution of Reynolds shear stress distributions for each MVG. The
lift-off of the wake is clearly observed from the profiles for both positive and
negative peaks. The profiles get flattened as the wake progresses downstream. As
mentioned for the contours seen in Figure 3.17, the positive peaks flatten well before

their negative counterparts, indicating the diminishing mixing effect.
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Figure 3.17 Contours of normalized Reynolds shear stress.
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Figure 3.18 Profiles of normalized Reynolds shear stress at different downstream
positions. a) x/h=5, b) x/h=10, c¢) x/h=15.
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3.4  Proper Orthogonal Decomposition

Proper Orthogonal Decomposition (POD) is a mathematical tool used to decompose
the flow structure into a finite set of spatial modes based on the kinetic energy
content. The POD method was first suggested by Lumley [79] to prove the existence
of well-organized energetic structures by removing the external effect of the
incoming flow and filtering the instabilities that most probably influence the initial
development of turbulence. Sirovich [80] later established the Snapshot Proper
Orthogonal Decomposition (SPOD) method, which is more appropriate for datasets
with high spatial density but low temporal frequency.

3.4.1 Mathematical Background of POD

POD, or SPOD, is a statistical tool used to break the space-time flow fields into discrete
spatial modes and temporal coefficients based on their kinetic energy contents by
computing the major eigenvalues and eigenvectors of a matrix composed of the

snapshots of the flow using the method given by the equations below.
The fluctuating velocity is given by the equation below,

u'(x,t) =U(x,t)—U(x,t) [3.1]
where, U(x,t) is the instanteous velocity snapshots and U(x,t) is the mean velocity, and
x and t refer to spatial coordinates. The instantaneous vector field is then decomposed

into a series of deterministic spatial functions, as shown by the equation below.

N

W@ = ) a® ™ 3.2]

n=1
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Where an(t) is the time-dependent POD coefficient for the mode n, ¢™(x) is the
spatial POD mode for the mode n, and N is the number of snapshots. The changing
velocity instantaneously measured over M spatial positions and N times is organized

into the matrix below.

o Wiz e wN
U=—| : o [3.3]
Muuig - gy
The auto-covariance matrix (C) is defined as,
c=U0"0 [3.4]

The above steps introduce this problem as an eigenvalue problem, demonstrated as

follows, where A, is the eigenvector, which corresponds to the eigenvalue Ax.

CA, = A A, [3.5]
The eigenvalues of all N modes are ordered with respect to their magnitude as

follows, where A, is set to zero during the analysis.

The resulting normalized POD modes that are produced from the solutions to the

eigenvalue problems can be written as,

UA
P = —= [3.7]
|74,
where ||...|| denotes the Lo-norm. It's worth noting that the eigenfunctions found here

are orthogonal in time rather than space. After concatenating the POD modes to form,

P=[pD:p@...¢p™], the POD coefficients can then be found as follows:

a, =¥ u), [3.8]

51



3.4.2 Flow Structures of MVG Wake

The concentration of higher peaks on the upper part of the wake seen in both
streamwise and wall-normal velocity fluctuations in the velocity fluctuations plots
(Figure 3.10 and Figure 3.11) is explained by only the presence of the streamwise
vortices by Herges et al. [65]. However, Li and Liu [73] discovered a new
mechanism of SBLI control by the vortex pair generated by the MVGs, which is
highly associated with a train of vortex rings, which was discussed as the most
dominant mechanism of control of SBLI. Later, Sun [71] illustrated the conceptual
organization in the wake of a ramp-type MVG (Figure 1.12). It was revealed that the
primary mechanism resulting in the ring-type vortex generation in the MVG wake is
the K-H instability first by Li and Liu [73] and then by Sun [71] and Giepman [74]
starting from approximately four device heights downstream and up to 32 device
heights downstream the MVGs. The vortex ring formation is found to be starting at
18 device heights downstream of the MVG in Sun’s study [71]. Moreover, it was
proven that this type of vortex can endure the shockwave with no evidence of
breakdown [81]. In the search for the K-H instability, the POD technique is used in
several studies to investigate the MVG wake. In two separate studies, Dong et al.
[82, 83] used SPOD to investigate an MVG wake at M=2.5 and Req=5760 for a Large
Eddy Simulation case. On the first one [82], they concluded that the 1% mode, which
carried the characteristics of the streamwise vortices, had the highest energy
contribution. The characteristics of the streamwise vortices were also observed in the
2" and 3" modes. The fluctuation motion induced by the K-H instability started from
the 4™ and 5™ modes. In their second study [83], they studied the physical mechanism
of each POD mode using the Liutex core line identification introduced by Wang et
al. [84]. In their results, they have identified two pairs of counter-rotating vortices,
fluctuated roll-up motion of the streamwise vortex with large-scale structures, and
K-H instability, which they have named the most significant unsteady feature of the
MVG wake. Charkrit and Liu [85] applied SPOD to a Direct Numerical Simulation
(DNS) dataset of an MVG wake to analyze the K-H instability in the hairpin ring
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areas of the flow transition in order to gain insight into the ring-type vortex
formation. It was stated that the 1% mode showed the characteristics of the
streamwise vortex pair while the other modes showed the fluctuating motions
induced by the K-H instability. They have concluded that the arc-shape vortex is not
deformed into a hairpin vortex by itself but is formed by the K-H instability during
the formation of the arc-shaped vortex and hairpin vortex during the boundary layer
flow transition. Moreover, they have also studied the K-H instability using a 2-
dimensional numerical simulation for an inviscid flow (Figure 3.20). The shear layer
generated is seen in Figure 3.20 a and b, which then takes the form of a ring-like
vortex resulting from the induced transfer of the motion of shear to rotation by the
K-H instability (Figure 3.20 c and d). In Figure 3.20 e to h, it was seen that the two

rotations become one with a still distinct pair of cores. The authors stated that the

vortex pairing seen here is a distinguished indication of K-H instability.

(2) (b) (c) (d)

(e) ® (2 (h)

Figure 3.20 2-Dimensitonal Numerical simulation on K-H instability [85].
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343 POD Analysis of Ramp-Type MVG Wake

The SPOD analyses are done for MVG2 and MVG3 only since the measurement
field of view for MVG4 does not cover enough wall-normal distance to illustrate
meaningful results for the analysis. The POD analyses are performed for Window 2
(Figure 2.8), corresponding to a range of approximately x/h=12 to 20 and y/h=0 to 5
for MVG2. The analyses are done for MVG3 for Window 3 (Figure 2.8),
corresponding to a range of approximately x/h=12 to 17.5 and y/h=0 to 3.75.

Figure 3.21 illustrates the first ten modes for MVG2, which clearly shows the
development of the K-H instability in the MVG wake. The first mode clearly shows
the interface between the two zones of fluid caused by the shear layer in the wake,
which is an essential phenomenon for the K-H instability to form. The 2", 3™, and
4™ modes show the formation of vortex pairs. It should be noted that the pairs are
not that distinctive in the 4™ mode compared to the 2" and 3™ modes. The vortex
pairing is due to the shear being transferred to rotational vorticity with the action of
the K-H instability. Starting from the 5™ mode and clearly seen in the 7™ mode, the
paired vortices seem to merge as the vortical features show an encircling behavior.
The 9" and 10" modes illustrate that the vortices are merged with a distinctive pair
of cores. The first ten modes for MVG3 are given in Figure 3.22, which shows
similar modes when compared to the modes of MVG2. The modes for both MVGs
show similar behavior to Chakrit and Liu [85] (Figure 3.20), proving that the K-H

instability is present in the wake of a ramp-type MVG in subsonic flow regimes.

54



¢, -0.03 -0.024 -0.018 -0.012 -0.006 0.006 0.012 0.018 0.024 0.03
MVG2 - W2 Mode 1 MVG2 - W2 Mode 2

y/h

MVG2 - W2 Mode 3 MVG2 - W2 Mode 4

y/h

MVG2 - W2 Mode 5 MVG2 - W2 Mode 6

y/h

MVG2 - W2 Mode 7 MVG2 - W2 Mode 8

y/h

MVG2 - W2 Mode 9 MVG2 - W2 Mode 10

y/h

2 14 ‘ 16 8 20 12 14 16
x/h x/h

18 20

Figure 3.21 Streamwise POD components (¢u) of the first ten modes for MVG2.
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Figure 3.22 Streamwise POD components (¢u) of the first ten modes for MVG3.
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The energy level comparison of the TKE percentages associated with the first 100
modes based on the streamwise velocity component (U) is given in Figure 3.23 for
MVG2 and MVG3. The 1* mode is the most dominant mode for both MVGs. The
contribution of the 1% mode to the total TKE is higher in MV G2 than that of MVG3.
In contrast, the contributions of the modes up to the 10" mode for MVG3 are either
at the same level or higher than MVG2, indicating that MVG3 generates a more
vigorous K-H instability compared to MVG2 which leads to the generation of a
vortex pair that with a higher strength again compared to those generated by MVG?2.

TKE [%]

0 10 20 30 40 50 60 70 80 90 100
Number of Modes

Figure 3.23 Comparison of percentage of TKE associated with the first 100 modes
based on the streamwise velocity component (U) for MVG2 and MVGS3.

The fact that the K-H instability and the resulting K-H vortices are present in the
wake of MVGs at subsonic flow regimes shows that the wake, i.e., the streamwise
vortex pair, might be undulating with the effect of K-H vortices. To illustrate this,
Figure 3.24 shows the contours of the out-of-plane vorticity component on an
instantaneous snapshot for MVG2. To show the K-H vortices and match their
swirling effect to the approximate vortex centers, a vector distribution is superposed
on the contours with a convective velocity of 0.85Uw, using the same method given
in [77]. After finding the approximate center of the K-H vortices, the vectors
represented in a convective frame of reference are then shown with the streamwise
velocity contours (Figure 3.25). The effects of the K-H vortices in the streamwise

velocity distribution are clearly seen as the shear layer shows a wavy form, which
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can be recognized as the effect of the K-H instability. Moreover, the streamwise
velocity distribution and the vectors showed locally accelerated fluid above the
vortices and locally decelerated fluid below the vortices, with the vortices swirling
in the clockwise direction, showing the expected roll-up motion which is the
precursor of the vortex ring formation shown in the conceptual model of the ramp-

type MVG wake given in Figure 1.12.

QhU,: -2 -16-12-08-04 04 08 12 16 2

12 14 18 20

16
x/h

Figure 3.24 Contours of the out-of-plane vorticity component with the velocity
vectors represented in the convective reference frame of 0.85U..

U/J,: 0.4 046 0.520.58 0.64 0.7 0.76 0.82 0.88 0.94 1

12 14
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Figure 3.25 Contours of the streamwise velocity component with the velocity vectors
represented in the convective reference frame of 0.85U.
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CHAPTER 4

NUMERICAL STUDY

This section presents the numerical setup and the results of the numerical study for
the MVGs. The aim of the numerical study is twofold: to extend the study to include
more MVGs and to investigate the three-dimensional characteristics of the ramp-
type MVG wake, which is impossible with 2D2C PIV data. First, the numerical case
setup is described in terms of the MVG models, grid generation, and numerical
methods. Then, the numerical results are presented and compared with the
experimental results in terms of streamwise and wall-normal velocity components
and out-of-plane vorticity for the symmetry plane. This chapter focuses on the
validation of the numerical study and the effect of increasing device height as it is

made possible by the addition of MVGS and MVG6.

4.1 Numerical Case Setup

4.1.1 Computational Analysis

The steady-state simulations are run through ANSYS Fluent software. Reynolds-
Averaged Navier-Stokes (RANS) equations are solved with the k- SST turbulence
model, which can effectively predict the flow development in the near-wall regions,
as proposed by Menter [86, 87]. The second-order upwind discretization scheme is
used for momentum and turbulence equations, and the COUPLED algorithm is
employed, which solves the pressure-based continuity and momentum equations
together. The turbulence model, namely the k- SST model, was chosen after a
comparative study employing MVG2, which was selected as the current study's
benchmark case as it allows to reduce the computational time and CPU cost with its

smaller size.
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The inlet and the outlet are defined as velocity inlet and pressure outlet, respectively.
The wall surfaces of the domain and MVG are defined as walls with the no-slip
condition. In addition, due to the axisymmetric geometry of the flow domain, a
symmetry plane is defined that passes along the centerline of the MVG to reduce the
computational time and cost. The inlet velocity is adjusted such that the velocity just
upstream of the MVG is 10.1 m/s for every case, and the Tlambient Value is selected
as 0.35%, consistent with the flow parameters of the experiments. All simulations
are run for 1500 iterations to reach scaled residuals below 10”7, which is determined
as a convergence criterion. MVGs used for the numerical study have the same design
as their experimental counterparts (Figure 2.6), and there were no modifications to
the shape or design of the original geometries or the edges of the MVGs. As
mentioned above, MVG2 was chosen as the benchmark for grid convergence and
validation studies. Furthermore, after validation of the numerical case employing
MVG?2, the experimental results for MVG3 and MV G4 were also compared with the
numerical simulation results. In order to extend the study, two more MVGs having
larger heights (i.e., larger h/d ratios) were also employed in the numerical study,
namely MVGS5 and MVG6. The dimensions and their corresponding h/6 ratios for
all the MVGs used in the numerical study are given in Table 4.1.

Table 4.1 MVG dimensions and their corresponding h/6 ratios used for the numerical
study.

MVG h w c a h/o

Design - 6.1h 6.9h 24° -

MVG2 | 20mm 122mm 138 mm 24° 0.18
MVG3 | 30mm 183 mm 207 mm 24° 0.27
MVG4 | 40mm 244 mm 276 mm 24° 0.36
MVGS | 50mm 305mm 345 mm 24° 0.45
MVG6 | 60mm 366 mm 414 mm 24° 0.54
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4.1.2 Domain and Mesh Generation

Pointwise software is employed to generate a fully structural multi-block flow
domain. Y-type block topology is employed on MVGs to obtain high-quality mesh
without changing the original geometries, including the edges of the MVGs (Figure
4.1). The size of the flow domain is 6.5 x 1 x 0.5 m? (Figure 4.2). MVGs are placed
at the origin of the coordinate system, with the distances from the inlet, side walls,
and the top wall being identical to those of the wind tunnel experiments, while the
downstream distances are kept longer. The initial height of the cells adjacent to the
walls and MVGs are set to obtain y'=1 to ensure that the near-wall meshes are in a
log-law layer. In the vicinity of the MVGs, locally denser grids are generated to
resolve turbulent flow features. Smooth transition between the blocks of meshes both
upstream and downstream of the MVGs is provided by implementing a constant

growth rate.

Figure 4.1 Y-type block topology seen on an MVG (half model).

Figure 4.2 Numerical domain. Non-dimensional dimensions are given with regards
to MVG2.
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Side View

Figure 4.3 Grid with top and symmetry plane views, showing the locally denser
regions in the vicinity of the MVG.

4.1.3 Grid Convergence Study and Validation

A grid convergence study is performed with the benchmark case (MVG2) to obtain
the optimum mesh sizing and total number. Grid generation for the MVG cases is
based on this study, and the number of mesh cells is extrapolated for the other cases
with larger MVG dimensions. Table 4.2 shows the mesh cell numbers on the
benchmark case and the total number of mesh cells in the numerical domain of test
cases that are employed in the grid convergence study. All simulations are conducted
under the same boundary layer inflow conditions, simulating the wind tunnel
experiments. It is worth noting that the first cell heights adjacent to the MVG2 and
other wall boundaries are kept constant for all cases to achieve y'=I.

Table 4.2 Mesh cell numbers on MVG2 and the total number of mesh cells in the
numerical domain for the grid convergence study.

Number of Cells Total Number

Mesh No on the MVG of Cells
1 1,936 3,975,958
2 4,422 6,021,485
3 7,744 9,101,425
4 3,456 4,461,756

Simulation results are compared with the experimental data in terms of normalized
streamwise velocity profiles in Figure 4.4 and wall-normal velocity profiles at

various downstream positions for the benchmark case (MVG2) in Figure 4.5.
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Although there are discrepancies in the near wake region, for example, at x/h=5, both
velocity profiles of Mesh 2 and Mesh 3 are obtained in good agreement with the
experimental data and very similar to each other at each downstream position. In
order to illustrate the converging behavior of the grid, a grid is generated, which is
in between Mesh 1 and Mesh 2 in terms of the number of cells (Table 4.2). The
approximate discrepancies in terms of maximum velocity deficit, maximum wall-
normal velocity, and their positions between the numerical and experimental results
for MVG?2 are given in Table 4.3 up to x/h=20.

Table 4.3 Approximate discrepancies in terms of maximum velocity deficit,

maximum wall-normal velocity, and their positions between the numerical
simulations and experimental results for MVG2 at x/h=5, 10, 15, and 20.

Position Parameter Mesh1l Mesh2 Mesh3 Mesh4

Umin '9% '4% ‘3% ‘5%

hes | Bumn -20% 3% 3% 2%
Vmax -26% 15% 14% 11%

(V/h)veas  -20% 1% 1% 2%

Umin '7% '4% ‘4% ‘5%

«h=10 (y/h)Umin -30% 1% 1% 1%
Vmax -41% 15% 14% 10.5%

(y/h)Vmax -45% 1% 1% 4%

Umin '8% '4% ‘4% ‘5%

«h=15 (y/h)umin -30% 1% 1% 1%
Vmax -40% 13% 12% 10%

(y/h v -37% 2% 2% 2.5%

Umin '7% '3% ‘3% ‘4%

_ (y/h)umin -30% 1% 1% 1%
x/h=20 Vmax -39% 15% 17% 11%
(y/h v -36% 1% 1% 2%

Mesh 2 achieves a good agreement for the normalized streamwise velocity profiles
(Figure 4.4) for MVG2 in general. Regarding the velocity values, the numerical
simulations seem to be underpredicting in the region where y/h is less than 1. A better
agreement was achieved regarding the position of the maximum velocity deficit (i.e.,
the minimum streamwise velocity value). In order to quantify the agreement between
the results of the numerical simulations and experiments, the value and the position
of the maximum velocity deficit can be used. For example, all the cases

underpredicted the maximum velocity deficit by approximately 5%. However, the
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cases differ regarding the position of the maximum velocity deficit, with Mesh 1
underpredicting it by approximately 40%, whereas the Mesh 2 and Mesh 3 results

are virtually the same as the experimental results.

Normalized wall-normal velocity profiles are given in Figure 4.5 for MVG2. With
Mesh 1, both the value and position of the maximum wall-normal velocity are
underpredicted by 35% and 42%, respectively. With Mesh 2 and Mesh 3, which are
nearly identical, the values of maximum wall-normal velocity are overpredicted by
approximately 15% at x/h=5, whereas their positions are predicted with a near-
perfect match for all the streamwise stations. At further streamwise stations, the
discrepancy in the values of the maximum upwash velocity decreases dramatically.
Another grid is generated later on to illustrate the converging behavior of the grid,
namely Mesh 4. As can be seen from Figure 4.4, even though the profiles for Mesh
4 are between the profiles for Mesh 1 and Mesh 2, Mesh 4 shows similar
discrepancies regarding the streamwise velocity component. However, the
convergence behavior is seen more clearly in terms of the wall-normal velocity

component (Figure 4.5).

Although the agreement for the wall-normal velocity component between the
profiles extracted from the results of the numerical simulations and experiments is
worse than that for the streamwise velocity component, a sufficient agreement
between the two is achieved considering the capabilities of RANS simulations. To
summarize, a satisfactory agreement between the numerical simulation and
experimental results regarding the velocity profiles could not be reached with Mesh
1. In contrast, Mesh 2 and Mesh 3 yield satisfactory results for both velocity
components. However, as mentioned before, due to Mesh 3’s higher cell numbers,

Mesh 2 is selected for further numerical simulations.
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Figure 4.5 Comparison of the grid convergence cases and validation of the
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414 Validation of MVG3 and MVG4 Simulations

As a part of the grid convergence study, the numerical simulation results for MV G2
are validated in terms of the streamwise and wall-normal velocity components. After
the validation of the numerical simulation results for MVG2, the numerical case
using the best mesh in terms of accuracy and CPU time, namely Mesh 2, was
extrapolated for MVG3 and MV G4, resulting in a total number of cells of 8.2M and
10.2M, respectively. The results are validated up to x/h=20 for MVG3 and up to
x/h=15 for MV (G4, as the measurement fields of view for the 2D2C PIV experiments
are limited (Figure 2.8). In this section, the validation regarding the results of the

out-of-plane vorticity component (£2,) is also included for the MVGs.

The normalized streamwise velocity component comparisons for MVG3 and MV G4
are given in Figure 4.6. As it is with the MVG2 case, the results show a good
comparison. However, approximately the same discrepancies seen for the MVG2
case are present as the streamwise velocity profiles are underpredicted, especially
below y/h=1, and the maximum velocity deficit values are slightly underpredicted.
For example, for MVG3 and MVG4 at x/h=5, the maximum velocity deficit is
underpredicted by approximately 5%. The positions of the maximum velocity deficit
for both MVGs are virtually the same for the numerical simulation and experimental

results.

The normalized wall-normal velocity component for MVG3 and MV G4 is compared
in Figure 4.7. Again, similar to the MVG2 case, the value of the maximum upwash
velocity is overpredicted; however, with increasing device height, the disparities
between the numerical simulations and the experimental results seem to decrease
regarding the maximum upwash velocity, as the overprediction for MVG3 and
MV G4 are approximately 9% and 7% at x/h=5, respectively. Regarding the positions
of the maximum upwash velocity, virtually the same results are observed for the

numerical simulations and experimental measurements, similar to the MVG2 case.
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The comparison of the results of numerical simulations and experiments in terms of

the out-of-plane vorticity component (€2,) normalized by the height of MVGs and
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the freestream velocity is given in Figure 4.8. Figure 4.8 also includes the profiles
for MVG2, as the validation for MVG2 was only done for streamwise and wall-
normal velocity components before. A satisfactory match is observed in the general
profiles; however, similar to the streamwise velocity profiles, the values of the out-
of-plane vorticity component are slightly underpredicted below y/h=1. For the
maxima of the positive and negative values of the out-of-plane vorticity, a good
agreement is achieved between the numerical simulation and experimental results.
However, further downstream, the position of the minimum values (negative) is

overpredicted by approximately 5%.
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CHAPTER 5

DECAY OF MVG WAKE AND THE HEIGHT EFFECT

The decay of ramp-type MVG wake is investigated for MVGs having five different
h/d ratios, emphasizing the effect of the device height. As mentioned before, the
maximum dimensionless streamwise distances covered by the experimental
measurements for MVG2, MVG3, and MVG4 are 39, 23, and 16 x/h, respectively
(Figure 2.8). Therefore, the results of numerical simulations are employed to conduct
a more comprehensive investigation of the height effect. Moreover, with the addition
of two more MVGs, namely MVG5 and MVG6, the investigation regarding the
height effects is extended. The height effects are investigated in terms of the
streamwise velocity component, wall-normal velocity component, and out-of-plane
vorticity component. However, in order to illustrate the decay of the MVG wakes in
a better fashion, streamwise decay of the minimum streamwise velocity values
(maximum velocity deficit) and the maximum wall-normal velocity values
(maximum upwash velocity) and their positions are plotted for all the MVGs. Those
plots include results from two studies conducted at supersonic freestream velocities
(M=2) [74, 77], making it possible to compare the wakes of ramp-type MVGs in
both subsonic and supersonic regimes. Furthermore, using the results of the three-
dimensional numerical simulations to understand the three-dimensional effects of
MVG height on the wake, the decay of the velocity components, including the
spanwise velocity component (W), are discussed in spanwise planes (z-planes) and
the decay of the streamwise vorticity is discussed in streamwise planes (x-planes).

Lastly, the height effect on the drag in terms of the drag coefficients is discussed.
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5.1 Comparison of MVGs and the Flow Conditions

The MVGs used for the wake decay investigation include the ones used for this
study, MVG2, MVG3, MVG4, MVGS5, and MVG6, along with two MVGs from Sun
[77], namely MR3 and MR4, and three MVGs from Giepman [74], named as G6,
G8, and G10 for the sake of comparison. Their properties are given in Table 5.1. The
MVGs employed by Sun [77] have the same design as the MVGs used in this study
(Figure 2.6). However, the design of the MVGs employed by Giepman [74] is
slightly different, with a width of 5.3h and a chord of 6.7h. Some of the MVGs
concerned have a comparable h/o ratio, namely MVG4 and G6, MVGS5 and G8, and
MVG6, G10, and MR3. Even though the h/6 ratios are somewhat equivalent, the
flow conditions of the three studies are different (Table 5.2). Therefore, this study
differs from its supersonic counterparts conducted at Mach 2. Due to the subsonic
flow conditions, the resulting boundary layer thickness in this study is remarkably
higher than the others, as expected. Even though the momentum thickness is also
higher than that in the supersonic studies, the subsonic flow conditions also induce a
lower Reynolds number based on momentum thickness due to the low freestream

velocity of 10.1 m/s.

Table 5.1 Dimensions of MVGs and their corresponding h/o ratios.

MVG h [mm] w [mm] ¢ [mm] a [°] h/6 [-]

MVG2 20 122 138 24 0.18
MVG3 30 183 207 24 0.27
MVG4 40 244 276 24 0.36
MVGS5 50 305 345 24 0.45
MVG6 60 366 414 24 0.54
G6 [74] 6 31.8 40.2 24 0.35
G8 [74] 8 42.4 53.6 24 0.46
G10 [74] 10 53 67 24 0.58
MR3 [77] 3 18.6 20.7 24 0.58
MR4 [77] 4 24.8 27.6 24 0.77
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Table 5.2 Flow conditions of the three studies compared.

Study Us[m/s] Mo[-] 6[mm] & [mm] O0[mm] Reo[-] H]J-]
This Study ‘ 10.1 0.03 111.31 8.11 6.74 4016 1.20
Sun [77] 519 2 5.20 0.59 0.48 13600 1.23
Giepman [74] 493 2 17.30 2.10 1.70 67450 1.24

5.2 Decay of the Velocity Components

5.2.1 The Decay of Streamwise Velocity

The streamwise development of the streamwise velocity component (U) normalized
by the freestream velocity is given in Figure 5.1 for MVG2 to MVG6 at various
streamwise stations up to x/h=30. The maximum velocity deficit (Umin) values and
their positions increase with the increasing device height. For example, at x/h=>5, the
maximum velocity deficit is 40% and 56% of the freestream velocity for MVG2 and
MVG®6, respectively. Moreover, the profiles show that the values of the maximum
velocity deficit increase as the wake progresses downstream. In order to show these
effects in a better fashion, the plot of decay of the maximum velocity deficit is given
in Figure 5.2 (a). It was observed that the offset between the values of the maximum
velocity deficit decreases as the MVG height increases, indicating that as the MVG
height increases, the decay of the maximum velocity deficit starts to collapse. For
example, at x/h=5, the maximum velocity deficit generated by MVG2 is 79.5% of
that generated by MVG6, whereas, at x/h=20, it is 83.5%; however, for MVGS5, the
same percentages are 95.5% and 96.5%, respectively. Figure 5.2 also includes the
supersonic results; the same general trend is recorded for both subsonic and
supersonic results. Moreover, as the offsets between the curves decrease, i.e., as the
MVG height increases, the curves start to collapse with the supersonic results for
MVGS5S and MVG6, with h/d ratios of 0.45 and 0.54, whereas the MVGs at Mach 2
have h/o ratios of 0.35, 0.46, and 0.58 for Giepman [74]; and 0.58 and 0.77 for Sun
[77]. However, for the decay of the position of the maximum velocity deficit, the
supersonic curves seem more dispersed than the decay of the maximum velocity
deficit itself Figure 5.2. As the device height increases, a more substantial increase
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is observed in the position of the maximum velocity deficit compared to the increase
in the maximum velocity deficit itself. For example, the position of the maximum
velocity deficit for MVG2 is 90% of that for MVG6, whereas at x/h=20, it is 65%.
This is especially valid for MVG5 and MVG6, for which the increase in the position
of the maximum velocity deficit seems to be going on further downstream. However,
for smaller devices, i.e., MVG2, MVG3, and MV G4, the increase of the position of
the maximum velocity deficit comes to a stop much earlier. The streamwise position,
where the increase in the position of the maximum velocity deficit stops, increases
with increasing device height, highlighting the fact that with smaller devices, the
streamwise vortex pair decays faster. The same effect is observed with the Mach 2
data as the increase with MVGs having smaller h/d ratios seems to be slowing down
further downstream. Also, it should be noted that for the MV G with an h/é ratio of
0.77 (MR4), the increase in the position of the maximum velocity deficit is still going

on further downstream.
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Figure 5.1 The streamwise development of the normalized streamwise velocity (U)
at various streamwise stations.
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deficit.
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5.2.2 The Decay of Wall-Normal Velocity

The streamwise development of the wall-normal velocity component (V) normalized
by the freestream velocity is given in Figure 5.3 for MVG2 to MVG6 at various
streamwise stations up to x/h=30. As the MVG height increases, the maximum wall-
normal velocity (i.e., the maximum upwash velocity) and its position increase in
accordance with the experimental results. The maximum upwash velocity decreases
as the wake decays further downstream, indicating the decay of the wake. To
illustrate this, Figure 5.4 gives the decay of maximum upwash velocity and its
position. To quantify, the maximum upwash velocity for MVG2 is 30% and 15% of
the freestream velocity, whereas, for MV G®6, it is 45% and 28% at x/h=5 and x/h=10,
respectively. The positions corresponding to the maximum upwash velocity values
are, for MVG2, y/h=1 and y/h=1.4, and for MVG®6, y/h=1.3 and y/h=1.8 at x/h=5
and x/h=10, respectively. The Mach 2 data show a collapsing behavior for both the
value and the position of the maximum upwash velocity, except the MVG, which
has an h/6 ratio of 0.77 (MR4). While the subsonic data do not collapse in general,
they seem to collapse with each other and the supersonic data further downstream
for the decay of the maximum upwash velocity and at the near-wake region for the
decay of its position. As seen from Figure 5.3 and Figure 5.4, the subsonic data do
not collapse in general. However, they collapse with each other and with the
supersonic data further downstream for the decay of maximum upwash velocity;
meanwhile, the curves of the position of the maximum upwash velocity collapse at

the near wake region.
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5.2.3 Spanwise Investigation of the Velocity Components

The experimental results are acquired only at the streamwise-oriented symmetry
plane (z/h=0) of the MVGs, and the numerical simulation results are presented again
at the symmetry plane. However, to explore the three-dimensional effects of the
MVGs on the wake, other spanwise planes (z-planes) should be investigated, as the
three-dimensional numerical simulations allow. The z-planes used in this section are
shown in Figure 5.5. They are compared in terms of streamwise, wall-normal, and
spanwise velocity profiles (U, V, and W). The spanwise velocity component is not
investigated in Chapter 4 since it is expected to be zero at the symmetry plane

(z/h=0).

Figure 5.5 Z-planes used for the spanwise investigation.

The velocity profiles of streamwise, wall-normal, and spanwise components at z/h=0
to 3 for all the MVGs are given in Appendix A, with colors marking the z/h stations
as seen in Figure 5.5. In order to compare the velocity profiles at different spanwise
locations, comparisons are made using MVG2 and MVG®6, as they are the smallest
and largest MVGs investigated. The streamwise velocity profiles (U) are given in
Figure 5.6, the wall-normal (V) velocity profiles are given in Figure 5.7, and the
spanwise velocity profiles (W) are given in Figure 5.8. It is obvious that the effects
of MV G6 are still not diminished at x/h=30; this fact is shown in sections 5.2.1 and
5.2.2 for the symmetry plane (z/h=0) in terms of streamwise and the wall-normal
components. However, the spanwise investigations illustrate that even at z/h=1, the
effects of MVG6 are observed on the streamwise and spanwise components seen at
the streamwise distance as far as x/h=30. In contrast, the effects of MVG2 are
observed to decay much earlier in the wake. For the wall-normal velocity, at z/h=1,

the increase in both the value and position of the maximum upwash velocity seems
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to be stopped after x/h=25. For the sake of comparison, the velocity profiles at
x/h=30 and z/h=1 are plotted together for all the MVGs concerned (Figure 5.9). The
diminishing effects of smaller MVGs and the long-lasting effects of larger ones can

distinctly be seen along with the diminished wall-normal velocity component.
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Figure 5.6 Comparison of the streamwise velocity component (U) at z/h=0 (black)
and z/h=1 (red) for MVG2 and MV G6 at various streamwise stations.
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z/h=1 (red) for MVG2 and MV G6 at various streamwise stations.
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velocity components at x/h=30 and z/h=1.

53 Decay of the Out-Of-Plane Vorticity Component

The height effect is also investigated in terms of the normalized out-of-plane
vorticity component (;h/Uy) in Figure 5.10 on the symmetry plane. Both positive
and negative peaks of the out-of-plane vorticity component profiles increase in
magnitude with increasing device height. As the device height increases, the effects
in terms of out-of-plane vorticity persist further in the wake, with the positions of
both peaks moving away from the wall. It was seen that the magnitudes of out-of-
plane vorticity are nearly equalized at x/h=15 for all the MVGs, except for MVG2,
for which the out-of-plane vorticity decays much faster. However, it should be noted

that as the device height increases, the locations of both peaks also increase.
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Figure 5.10 Comparison of MVGs of different heights in terms of normalized out-

of-plane vorticity component (€2,) at various streamwise stations.
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5.4 Decay of the Streamwise Vorticity Component

The decay of the normalized streamwise vorticity component (Q2xh/Ux) is shown in
x-planes (streamwise planes) in Figure 5.11 at x/h=10 and in Appendix B at x/h=1,
5, and 15. These contours allow us to track the streamwise vortex pair and their lift-
off as well as the development and decay of the secondary vortices. The streamwise
vortex pair shows their effects as the variation in the vorticity field. An alternating
positive and negative vorticity field is seen for both the primary and secondary vortex
pairs in the contours. In Figure 5.11, half the boundary layer thickness (0.56) and the
boundary thickness (0) are marked with white and red lines, respectively. It should
be noted that this investigation is made in terms of normalized distances (x/h, y/h,
and z/h). That is the reason why the 0.56 and J lines for different MVGs vary in
position, as 0.56 is 55.655 mm and & is 111.31 mm. The contours show the extent of
the effect of the MVGs in terms of lift-off at various x/h planes. For example, in
Figure 5.11, it can be observed that at x/h=10, the effects of vortices generated by
MVG@G?2 in terms of normalized streamwise vorticity do not reach 0.56. In comparison,
the effects generated by MVG3 and MVG4 exceed the 0.50 limit and get closer to
boundary layer thickness. However, for MVGS5 and MVG6, these effects seem to
exceed the boundary layer thickness already. The same effects can be observed from
the position of the maximum velocity deficit (Figure 5.2) and the position of the

maximum upwash (Figure 5.4).
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MVG2, b) MVG3, ¢) MVG4, d) MVGS5, e¢) MVG6.
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5.5 Decay of Vortex Strength

The findings regarding the decay parameters are closely associated with the
streamwise decay of the vortex pair generated by the MVGs. In order to relate the
discussion to the vortex pair, vortex strength, which clearly is a function of device
Reynolds number (h") and downstream distance (x/h), is given as circulation (I)
divided by the wall friction velocity of the undisturbed boundary layer (U:) and
device height (h) [40].

i F(r*,%/,) [4.1]

Where the device Reynolds number is defined as,

4.2]

Figure 5.12 clearly shows that the vortex strength increases with increasing device
height. Moreover, the streamwise decay of the vortex strength can also be observed.
Figure 5.12 also includes the data from Giepman [74]. In their study, that data were
initially used to compare Mach number effects on the MVG wake. The data comprise
the same MVG height (8 mm, G8) at different Mach numbers, thus the small change
in h/6 ratios. Comparable general trends are recorded for subsonic and supersonic
data similar to the other decay parameters discussed, and nearly the same vortex
strength value is recorded for M=2 and M«=1.5 cases. Although smaller vortex
strength values for the M.=2.5 case are recorded in the region up to x/h=10, after
this streamwise position, the values start to match with the others. As for the
comparison with the subsonic data, for streamwise positions higher than x/h=10, the
vortex strength values fall between those recorded for MVGS and MVG6, having
h/d ratios of 0.45 and 0.54, respectively. It should also be noted that the M.=2.5 data
shows a better match with MVGS5 and MVG6.
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Ashill et al. [42] found that the vortex strength of MV Gs having an effective device

Reynolds number higher than 1400 falls into a single line. The effective device

Reynolds number is calculated by using the effective height (he), which is found by

equalizing the maximum vortex strength at five device heights downstream of the

MVG (I's/U<h) to a single point using Figure 5.13.

40 1

35 1

30 4

25 1

20 1

X

o

& Forwards wedge

W Backwards wedge
AJoined vanes

X 1h split vanes

@ 2h split vanes

+Vane, alp = -10 deg.
©OVane, alp = 20 deg.
AVane, alp = 30 deg.

O Vane alp = 45 deg

o New vane, alp = -10 deg.

500

1500

2000 2500

h+

3000

3500

Figure 5.13 Non-dimensional circulation versus device Reynolds
different MVGs at five device heights downstream of the MVGs [40].
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They used the Forwards Wedge (ramp-type MVG) as the datum for that, so, for
example, for the Joined Vanes type of MVG, the effective height is 2.2 times its
actual height, whereas the effective height for the ramp-type MVG is the same as its
actual height. Subsequently, when the vortex strength and device Reynolds number
are calculated using the effective height, the resulting distribution is seen in Figure
5.14, which also includes the calculations for MVGs used in this study. Effective
device Reynolds numbers for the MVGs used in this study are given in Table 5.3;
for all MVGs, the effective Reynolds number is below 1400. Therefore, circulation
of the vortices, hence the strength of the vortices, is not expected to scale with device
height. In order to have a device with he"*=1400 for the undisturbed boundary layer
investigated in this study, one must have an MVG with a device height of 66 mm,

corresponding to a height-to-boundary layer thickness ratio of 0.59.
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Figure 5.14. Vortex strength against the device Reynolds number using the effective
device height [40].

Table 5.3 Effective Reynolds numbers for MVGs used in this study.

MVG h[mm] h/é[-] he* [-]

MVG2 20 0.18 423
MVG3 30 0.27 635
MVG4 40 0.36 847
MVG5 50 0.45 1058
MVG6 | 60 0.54 1270
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5.6 Conclusion on the Height Effect Discussion

In this section, the effect of device height is discussed in terms of the velocity
components and their decay. Moreover, the decay behaviors of the velocity
components are investigated in various spanwise planes (z-planes), and the vortex
pairs are examined in terms of streamwise vorticity components in streamwise planes
(x-planes). Another critical aspect of the effect of the device height is the drag these
devices induce. The plot of the drag coefficient versus the h/d ratio given in Figure
5.15 shows a substantial increase in the drag coefficient with increasing device

height.
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Figure 5.15 Drag coefficient versus the h/d ratio.

The discussion in the previous sections regarding the height effects reveals that
selecting the optimum MVG height is crucial and that there is one more caveat
besides the drag forces added. As stated in the introduction section of this thesis, one
of the main advantages of having a Micro Vortex Generator is to employ effects to
control the boundary layer. After the boundary layer control is successful, their
effects are removed since the vortices generated by MVGs decay well before
compared to vortices generated by conventional vortex generators. If the decay is
not complete after the downstream location where the boundary layer is required to
be controlled, the lasting vortices would add an excess of three-dimensional effects.

As seen from the plots (Figure 5.2 and Figure 5.4) and contours (Figure 5.11) given
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in the height effects discussion, the larger the MVG, the further downstream its
effects persist. These effects are also present in the spanwise planes outside the
symmetry plane (Figure 5.6, Figure 5.7, and Figure 5.8). Moreover, when the
positions of the vortex core centers are investigated, it can be seen that not only the
effects of the streamwise vortex pair but also even the vortex core centers may
exceed the undisturbed boundary layer thickness further downstream. This is
illustrated in Figure 5.16 by plotting the vortex core centers, which are the locations
of the minimum helicity [88], with respect to the coordinates nondimensionalized by
the boundary layer thickness. For example, the vortex core centers do not exceed the
boundary layer thickness up to x/6=15 for MVG2, MVG3, and MVG4; however, for
MVGSH, the cores of the streamwise vortex pair exceed the boundary layer thickness

at x/6=12.5, and for MVG6 they exceed the boundary layer thickness at x/3=6.

This finding is usually given when comparing conventional vortex generators to
micro vortex generators [38]; however, it is safe to make the same comparison
between MVGs with different heights. Therefore, to avoid the excessive effects
caused by the persisting vortices, an MVG height creates streamwise vortices just

strong enough to overcome the separation, with less added drag as an extra benefit.

The device height, i.e., the h/0 ratio, is also influential regarding the similarity level
of the wakes of ramp-type MVGs in subsonic conditions to their supersonic
counterparts. As shown in the investigation of the decay parameters for the subsonic
wake, as the h/d ratio increases, the level of similarity to their supersonic counterparts
is also increased. This is explained by the effective device Reynolds number getting
closer to the level (he'=1400) where the vortex strength of the MVGs falls into a
single line. However, the maximum device Reynolds number for this study is
approximately 1300 (MVG6), and it is known that the device Reynolds numbers for
Sun [77] and Giepman [74] are well above 1400. It is concluded that for the values
of the device Reynolds number that are higher than or close to a particular value, it

is possible to create similar wakes regardless of the Mach number.
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Figure 5.16 The locations of the vortex centers for MVG2, MVG3, MVG4, MVGS,
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CHAPTER 6

THE RAMP-TYPE MVG WAKE MODEL

The wake decay parameters discussed in Chapter 5 suggest that the ramp-type MVGs
might be self-similar. Velocity profiles of ramp-type MVGs are scaled and shown to
be self-similar in supersonic freestream velocities by Sun [77]. The self-similarity of
the velocity profiles of ramp-type MVGs in subsonic freestream conditions is
investigated by employing a similar scaling method to Sun [77]. Moreover, using the
scaling equations derived from the subsonic results, a wake model named the Ramp-
Type MVG Wake Model is suggested. The model is constructed using the
experimental results for MVG2, MVG3, and MV4 with the addition of the numerical
results for MVGS and MVG6 in order to have more h/d ratios included. Employing
the suggested model, streamwise and wall-normal velocity profiles for MVGs used
by Sun [77] and Giepman [74] are reconstructed and compared with the experimental
results. In short, this part explains and discusses a way to model an MVG in

supersonic flows using the results of subsonic studies.

6.1 Self-Similarity of the MVG Wake

The velocity profiles of MVGs can be scaled to show a self-similar collapsing
profile, as demonstrated by Sun [77]. However, this study will employ a similar

method to scale the velocity profiles using a different length scale.

For the streamwise velocity profiles, the scaling procedure and the parameters used
for scaling are shown in the sketch in Figure 6.1. The velocity profiles are subtracted
from the undisturbed boundary layer. The absolute value of the resulting maximum

velocity deficit (Equation 6.2) is used as the velocity scale.
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UDef = |UBL - Ulmax [6.1]
Ug,—U

U=
UDef

[6.2]

For the normalization of the y-coordinate, the streamwise velocity profiles are shifted
so that the maximum velocity deficit is at y=0 (Equation 6.3). In order to do that, a
constant factor called y* is used, which only governs the width on the normalized
streamwise velocity component distribution (Figure 6.3) and the wake width (wu),
which is the wall-normal distance between the wall-normal positions corresponding
to the first inflection point (U;), in the reconstructed profiles (Figure 6.1). The

constant y* can take any value as long as self-similarity is achieved.

_ Y — Yudef
y =224 6.3
y [6.3]
y A
UBL |UBL_ Ul
U
Yudef
>U

Uy Uper

Figure 6.1 Sketches showing the subtraction of the streamwise velocity profile from
the undisturbed boundary layer profile and the parameters used to scale the
streamwise velocity profiles.
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In the case of wall-normal velocity profiles, the scaling parameters are given in
Figure 6.2. The maximum upwash velocity is used as the velocity scale, shown in

Equation 6.4, and the resulting term is the normalized wall-normal velocity (V).

4

V= [6.4]

Vm ax

Furthermore, the velocity profile can be shifted in such a way that the maximum
upwash velocity is at the zero wall-normal position (Equation 6.5) to account for the
varying lift-off characteristics of different MV Gs, the amount of shifting corresponds
to the wake width (wv). The wake width is calculated using a cut-off factor (k), which
can take any value between 0 and 1, i.e., k can take any value that corresponds to a

meaningful wake width.

Wy = Yv2 — Yv1 [6.5]
To define the length scale, normalized maximum upwash velocity and wake width
are used (Equation 6.6), where yvmax is the position of the maximum upwash

velocity.

y=—— [6.6]

Yv2
Yvmax

Yv1

kvmax Vmﬂx

Figure 6.2 Sketch showing the scaling parameters for the wall-normal velocity
component.
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The normalization procedures for the streamwise and wall-normal velocity profiles
are applied to the experimental results, and the resulting normalized curves for the
streamwise and wall-normal velocity profiles at x/h=5, 10, 15 for all MVGs
including x/h=20 for MVG2 and MVG3 are given in Figure 6.3. The normalized
curves show that ramp-type MVGs exhibit self-similar behavior in terms of velocity

profiles at subsonic freestream velocities with a Gaussian distribution.

e MVG2x/h=5 A MVGS x/h=5 ® MVG4 x/h=5
e MVG2xh=10 A MVG3xh=10 ® MVG4x/h=10
e MVG2xh=15 A MVG3xh=15 @& MVG4x/h=15
e MVG2xh=20 A MVG3xh=20

T

Figure 6.3 Normalized profiles for the streamwise velocity component (top) and the
wall-normal velocity component (bottom).
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6.2

Modeling of the Ramp-Type MVG Wakes

As the wakes of ramp-type MVGs are shown to be self-similar in terms of

streamwise and wall-normal velocity profiles (Figure 6.3), the wake itself'is modeled

using a set of equations. A part of the mentioned equations is derived by fitting

curves to various decay parameters. The curves are fit for the region x/h=10 to

x/h=20 since the general trends of the decay curves are similar in that region. The

model is named the Ramp-Type MVG Wake Model and is constructed using the

experimental results for MVG2, MVG3, and MVG4; however, in order to extend the

model to include more h/é ratios, the numerical results of MVGS5 and MVG6 are

added. The model for both streamwise and wall-normal velocity components is

constructed as follows,

1.

Curves are fit for the decay parameters such that the curve-fitting equations

with respect to x/h are in the form of

Power

Decay Parameter = Coef ficient (E) [6.7]

The coefficients for each decay parameter are found for each MVG in order
to account for the h/3 ratio, then fit equations for coefficients for each decay

parameter obtained in the form of:

h
Coef ficient = cty (E) + ct, [6.8]

Gaussian curves are fitted for the self-similarity curves for both streamwise

and wall-normal velocity components.

By using Equations 6.7 and 6.8 together with the Gaussian curve fits, velocity

profiles for both components are reconstructed.
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6.2.1 Determination of the Model Equations

In this section, the decay parameters used for the model are explained. The equations
of the decay parameters (Equation 6.7) are given together with the equations of
corresponding coefficients (Equation 6.8). The distribution of the coefficients is
compared with the distribution of the coefficients for MR3 and MR4 [77]. It should
be noted that only the subsonic results are employed to construct the model, namely,
the experimental results of MVG2, MVG3, and MV G4 and the numerical simulation
results of MVGS5 and MVG6.

6.2.1.1 Equations for the Streamwise Velocity Component

6.2.1.1.1 Decay of the Maximum Velocity Deficit

In order to model the streamwise velocity profiles, curves are fitted for the decay of
the difference between the maximum velocity deficit and the undisturbed boundary
layer (Upet=|UBL-Ul|max) for the experimental results of MVG2, MVG3, and MVG4
and for the numerical simulation results of MVGS5 and MV G6. The decay of Uper is
given in Figure 6.4 for both experimental and numerical simulation results for all the
MVGs considered. It is observed that MVGS, MVG6, MR3, and MR4 [77], having
the highest h/6 ratios, do not follow the general trend followed by others; this is the
main reason for adding the numerical results of MVGS and MVG6 to the model
equations, and the difference between the behaviors of larger MVGs is most
probably because of the fact that the streamwise vortex pair exceeds the boundary
layer thickness encountering the higher-energy freestream flow after a certain

streamwise distance (Figure 5.16).

102



MVG2 h/5=0.18 PIV
MVG3 h/5=0.27 PIV
MVG4 h/5=0.36 PIV
MVG2 h/5=0.18 CFD
MVG3 h/5=0.27 CFD
MVG4 h/5=0.36 CFD
MVG5 h/5=0.45 CFD

- MVG6 h/5=0.54 CFD
MR3 M =2 h/5=0.58 [77]
MR4 M_=2 h/5=0.77 [77]

o0

(U,,-U)U

01J11J|JJJJIJ1|J|||||||||xl||\1|\11\|
"0 5 10 15 20 25 30 35

x/h

Figure 6.4 The decay of the difference between the maximum velocity deficit and
the undisturbed boundary layer.

The curve-fitting equation used for the MVGs is given in Equation 6.9, where the

power is -0.45, and the coefficient is named A.

X\ —045

Uper = A7) [6.9]

The distribution of A with respect to h/d is given in Figure 6.5, and its values are
tabulated in Table 6.1. The distribution of A shows two different trends, with MV G4
being at the peak. One trend is rising with increasing h/d for MVG2 and MVG3, and
the other is falling with increasing h/d6 for MVGS5 and MVG6, showing that there
might be an h/6 limit regarding the definition of a Micro Vortex Generator. This
effect can also be explained by the fact that the streamwise vortex pair generated by

the larger MV Gs exceeds the boundary layer thickness (Figure 5.11).
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Figure 6.5 The distribution of the coefficient A.

Table 6.1 The coefficient values used for modeling the streamwise velocity
component.

MVG h/d A
MVG2 0.18 0.85
MVG3 0.27 0.95
MVG4 0.36 0.99
MVG5 0.45 0.97
MVG6 0.54 0.94

MR3/77] | 0.58 0.92

MR4 [77] | 0.77 0.88

Due to having two different trends, two curves are fitted for the distribution of A
with respect to h/d seen in Figure 6.5 (Equations 6.10 and 6.11). Equation 6.10
(Arising) 1s employed for the cases with h/6 less than 0.36, and Equation 6.11 (Afalling)
is employed for the cases with h/d greater than 0.36. Both equations can be used for
MVG4 (h/ 6=0.36), as both result in approximately the same coefficient value. For
MR3 and MR4, the curve-fitting equation predicts the coefficient with less than 1%

error.
h
Arising = 0.814 (5) +0.7063 [6.10]
h
Aatiing = —0.287 (5) +1.103 [6.11]
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6.2.1.1.2 Decay of the Position of the Maximum Velocity Deficit

In order to model the streamwise velocity component, the position of the maximum
velocity deficit is also needed. Therefore, curves are fitted for the experimental
results of MVG2, MVG3, and MVG4 and for the numerical simulation results for
MVGS5 and MVG6. The decay of the position of the maximum velocity for all the
experimental and numerical simulation results, along with the curves of MR3 and
MR4 [77], are given in Figure 6.6. Compared to the decay of the maximum velocity
deficit (Figure 6.4), the curves for the decay of its position seem to be more scattered,
and the agreement between the numerical simulation results and the experimental
results is poorer. However, for the range of x/h=10 and 20, for which the curves are
fit, both the behavior of the MVGs and the agreement between the experimental

measurements and numerical simulation results are better compared to the other x/h

stations.
4~
B e MVG2 h/5=0.18 PIV
i a MVG3 h/5=0.27 PIV
35 o MVG4 h/s=0.36PIV _7
adl MVG2 h/5=0.18 CFD P s
|l — — — - MVG3 h/5=0.27 CFD 7
L MVG4 h/5=0.36 CFD P "
L — ——- MVG5 h/5=0.45 CFD Pt 9V
3F === MVG6 h/5=0.54 CFD P -
5 MR3 h/5=0.58 [77] P _ &
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Figure 6.6 The decay of the position of maximum velocity deficit.
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The curve-fitting equation for the decay of the maximum velocity deficit is given by

Equation 6.12, where the coefficient is named B and the power is 0.27.

Yuder = B (%)0'27 [6.12]
The distribution of B with respect to h/o is given in Figure 6.7, and the values of B
are tabulated in Table 6.2. The values for the experimental and numerical simulation
results follow an approximately linear curve. However, the results for MR3 and MR4
follow an entirely different curve. The curve fit equation is given by Equation 6.13.
It should be noted that the curve-fitting excludes MR3 and MR4. The coefficient
values for MVG2 to MVG6, when calculated using Equation 6.13, are within an
error band of +2%. However, for MR3 and MR4, as expected, the error is up to 25%.
Therefore, a high discrepancy is expected regarding the position of the maximum

velocity deficit when reconstructing their streamwise velocity profiles using the

model.
h
B = 0.5838 5 + 0.9087 [6.13]
1.4
1.3
B MVG6
1.2
B MVG5
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B MVG3 °
@ MVG2 MR4 [77]
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Figure 6.7 The distribution of the coefficient B.
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Table 6.2 The values of A for the MVGs used to construct the model and for MVGs
from [77].

MVG h/d A
MVG2 0.18 1.03
MVG3 0.27 1.07
MVG4 0.36 1.09
MVG5 0.45 1.15
MVG6 0.54 1.25

MR3/77] | 0.58 0.98

MR4 [77] | 0.77 1.05

6.2.1.2 Reconstruction of Streamwise Velocity Profiles of Supersonic MVG

Wakes

The streamwise velocity profiles from Sun [77] and Giepman [74], which are
acquired at supersonic freestream velocities for ramp-type MVGs, are reconstructed
using the Ramp-Type MVG Wake Model. Information on the flow conditions and
the MVGs is given in Table 5.1. Figure 6.8 gives the reconstructed streamwise
velocity profiles at three streamwise stations for MR3 and MR4, having h/o ratios of
0.58 and 0.77, respectively. At x/h=12, the model predicts the maximum velocity
deficit with an error of 9% and 5% for MR3 and MR4, respectively. In comparison,
the error percentages of the model predictions for the position of the maximum
velocity deficit for MR3 and MR4 are 17% and 25%, respectively. As the wake
progresses further, the error for the maximum velocity deficit stays approximately
the same for MR3; however, for MR4, which has a much higher h/6 value compared
to the MVGs used to construct the model, the error increases up to 20% at x/h=32.
In the case of the position of the maximum velocity deficit, the error percentages for
both MR3 and MR4 decrease to approximately 5% as the velocity profiles flatten as
the wake progresses downstream. The decrease can be explained by the distribution
of the decay of the position of maximum velocity deficit seen in Figure 6.6, as the
curves of MR3 and MR4 start to collapse and exhibit similar trends with MVGS5 and
MVG®6 further downstream after approximately x/h=17.
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Figure 6.8 Reconstruction of the streamwise velocity profiles for left: MR3
(h/6=0.58) and right: MR4 (h/6=0.77) from [77].

The reconstruction of the streamwise velocity profiles for G8 [74], which has an h/6
ratio of 0.46, is given in Figure 6.9. A better general distribution is achieved for this
case compared to the cases of MR3 and MR4, especially in the region between the
wall and the position of the maximum velocity deficit. At x/h=10, the model predicts
the maximum velocity deficit with an error of 7%, whereas its position is predicted
with an error of 9%. Similar to the case of MR3 and MR4, the error in the predictions
regarding the maximum velocity deficit increases and that regarding its position
decreases as the wake progresses downstream, as they are approximately 24% and

6% at x/h=20, respectively.
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Figure 6.9 Reconstruction of the streamwise velocity profiles for G8 (h/6=0.46) from
[74].

6.2.1.3 Equations for the Wall-Normal Velocity Component

6.2.1.3.1 Decay of the Maximum Upwash Velocity

The value of the maximum upwash velocity (Vmax) is needed in order to model the
wall-normal velocity profiles of MVGs. To that end, curves are fitted for the decay
of the maximum upwash velocity for MVG2, MVG3, and MVG4 using the
experimental results and for MVGS and MVG6 using the numerical simulation
results. The numerical and experimental results are shown in Figure 6.10, along with
the results for MR3 and MR4. A satisfactory agreement between the experimental
and numerical simulation results is achieved, and the general trends of MR3 and
MR4 exhibit similarity to their subsonic counterparts. However, it should be noted
that the maximum upwash velocity values for MR3 and especially MR4 are higher
than their subsonic counterparts, particularly at the region of x/h=12 to 17, indicating

a more significant upwash motion.
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Figure 6.10 The decay of the maximum upwash velocity.

The wake width (wv) exhibits the same linear distribution for all the MVGs
concerned, and Equation 6.14 gives the wake width distribution.

x
h

The curve-fitting equation for the maximum upwash velocity is given by Equation

wy = 0.13( ) +0.9 [6.14]

6.15, where the coefficient is named C, and the power is -1.3.

-1.3

Vo =C (%) [6.15]

Figure 6.11 gives the distribution of the coefficient C with respect to h/d, and values
of C are tabulated in Table 6.3, with the actual values for MR3 and MR4. A curve is
fitted through the values for MVG2 to MVG6. The distribution of coefficient C is
linear, unlike the distribution of coefficient A (Figure 6.5), which is defined by two
different curves. This behavior is probably because the wall-normal velocity
component is less affected by the freestream flow when the vortices exceed the
boundary layer in contrast to the streamwise velocity component (Figure 5.16). The
resulting curve equation is given in Equation 6.16, and the C value for MR3 is
predicted with a 5% error, whereas that for MR4 is predicted with an approximately

20% error.
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h
C =7.9513 (E) + 1.2435 [6.16]
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Figure 6.11 The distribution of the coefficient C.

Table 6.3 The values of C for the MVGs used to construct the model and for MVGs
from [77].

MVG h/5 C
MVG2 0.18 2.69
MVG3 0.27 3.47
MVG4 0.36 4.01
MVGS5 0.45 4.92
MVG6 0.54 5.58

MR3[77] | 0.58 6.17

MR4 [77] | 0.77 9.32

6.2.1.3.2 Decay of the Position of the Maximum Upwash Velocity

In order to reconstruct the wall-normal velocity profiles, the position of the
maximum upwash velocity with respect to x/h should be known. To that end, curves
are fit for the results in a similar manner to the other decay parameters. The decay of
the position of the maximum upwash velocity is given in Figure 6.12. A similar
general trend is observed for all the MVGs considered. However, it was also
observed that the numerical simulations overpredicted the position of the maximum

upwash velocity.
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Figure 6.12 The decay of position of the maximum upwash velocity.

The curve-fit equation for the position of the maximum upwash velocity is given by

Equation 6.17, where the coefficient is named D, and the power is 0.23.

X+ 023

Yvmax =D () [6.17]
Figure 6.13 gives the distribution of the coefficient D, and the values are tabulated
in Table 6.4. The curve fit equation for D is given by Equation 6.18. The values for
MR3 and MR4 exhibit a linear behavior; however, they do not follow the trend of
the other MVGs. The predictions using Equation 6.18 resulted in errors of
approximately 10% for both MR3 and MR4.

h
D = 0.836 (5> + 0.6 [6.18]
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Figure 6.13 The distribution of the coefficient D.

Table 6.4 The values of D for the MVGs used to construct the model and for MVGs
from [77].

MVG h/5 D
MVG2 0.18 0.77
MVG3 0.27 0.82
MVG4 0.36 0.88
MVGS5 0.45 0.98
MVG6 0.54 1.07

MR3/77] | 0.58 0.97

MR4 [77] | 0.77 1.11

6.2.1.4  Reconstruction of Wall-Normal Velocity Profiles of Supersonic

MVG Wakes

The wall-normal velocity profiles from Sun [77] and Giepman [74], which are
acquired at supersonic freestream velocities for ramp-type MVGs, are reconstructed
using the Ramp-Type MVG Wake Model. Information on the flow conditions and
the MVGs is given in Table 5.1. The reconstructions of the wall-normal velocity
profiles at various streamwise stations for MR3 and MR4 are given in Figure 6.14.
A satisfactory agreement is achieved between the model and the experimental results
regarding the general trends of the wall-normal velocity profiles. At x/h=12 for MR3,
the value of maximum upwash velocity is predicted by the model with an error of

3%, whereas for MR4, the error is more than 15%, as expected since MR4 creates a
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more significant upwash velocity in that region (Figure 6.10). The prediction errors
in terms of the maximum upwash velocity further downstream increase to the levels
of 10% for MR3 and decrease to approximately 7% at x/h=22 for MR4. Better
accuracy in terms of the position of the maximum upwash velocity is achieved for
both MR3 and MR4. The maximum error regarding the position of the maximum

upwash velocity is as low as 1% for MR3 and 4% for MR4.
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Figure 6.14 Reconstruction of the wall-normal velocity profiles for left: MR3
(h/6=0.58) and right: MR4 (h/6=0.77) from [77].

Figure 6.15 gives the reconstruction of the wall-normal velocity profiles for G8
having an h/o ratio of 0.46. Similarly to the reconstruction of the profiles of MR3
and MR4, the general trends of the wall-normal profiles are predicted well with the
model. Moreover, the maximum upwash velocity and its positions are predicted with
satisfactory accuracy for most of the streamwise positions. The error percentages
regarding the value of the maximum upwash velocity and its position are at the level
of 5%. At x/h=25, however, the error regarding the maximum upwash velocity is

increased even though the general trend of the profile is captured well.
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Figure 6.15 Reconstruction of the wall-normal velocity profiles for G8 (h/6=0.46)

from [74].
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CHAPTER 7

CONCLUSION

This study investigates the wake characteristics of Micro Vortex Generators (MVGs)
in a subsonic flow regime. First, the wakes generated by three ramp-type MVGs with
different h/6 ratios are characterized experimentally using a two-dimensional two-
component particle image velocimetry technique. The experimental results are
complemented with three-dimensional numerical simulations for five different h/6
ratios ranging from 0.18 to 0.54. The effect of the device height, or the h/d ratio, is
investigated in terms of velocity components, vorticity distributions, turbulence
properties, and various decay parameters, such as maximum streamwise velocity
deficit and maximum upwash velocity, using five different device heights employing
the experimental and numerical results. The self-similarity of the ramp-type MVG
wake in terms of streamwise and wall-normal velocity components is investigated.
The wake flow properties are then compared to similar types of MVGs operating in
the supersonic regime available from the literature. The experimental and numerical
results reveal general operating principles and wake decay characteristics in the low
subsonic flow regime, which display similar characteristics to MVGs of similar h/6
values operating at supersonic conditions. It is shown that the vortex strength, and
thus mixing and wake decay characteristics, depend on the effective device Reynolds
number regardless of the Mach number. A wake model is suggested using the self-
similarity of the ramp-type MVGs and the wake decay parameters. Using the detailed
investigation of the decay parameters for the modeling efforts, a method to designate
the limit between MVGs and conventional (d-scale) vortex generators is suggested
based on the wake deficit decay characteristics. The model is then used to reconstruct

wakes of ramp-type MVGs in supersonic flow regimes from the literature.

Below is the list of the main conclusions of this study:

117



In accordance with the studies in the literature, the results showed that as the
wake progresses downstream, the counter-rotating vortex pair lifts off from
the wall and decays further downstream. The results also show that with
increasing MVG height, the strength and the lift-off of the vortex pair
increase.

The effect of the device height is clearly seen from the turbulence properties,
especially from the wall-normal velocity fluctuations. The effect of the
secondary vortices, which are much smaller in size compared to the primary
vortex pair, is seen in the contours and profiles of velocity fluctuations in the
near wake (x/h=2). A concentration of peaks on the upper part of the wake,
indicating the shear layer, is seen in both streamwise and wall-normal
velocity fluctuations. Moreover, the increase seen in the fluctuations, i.e., the
peaks, is explained by Herges [65] as a consequence of the presence of the
streamwise vortex pair. However, as the peaks are concentrated at the shear
layer where the vigorous motion of the K-H instability is dominant, it
indicates the presence of the K-H instability, which is already shown by Sun
[77] in supersonic flow regimes.

SPOD analysis showed that the K-H instability is present and dominant in
subsonic MVG wakes as they are in their supersonic counterparts. The
contribution of the K-H instability is found to be increasing with increasing
device height, which might be associated with the increased vortex strength
generated by the larger devices. The presence of the K-H instability is one
more aspect of similarity to the supersonic MVG wakes, and it illustrates that
the peaks seen in the velocity fluctuations are most probably due to the
vigorous undulations caused by the K-H instability itself.

The results of the numerical study showed good agreement with the
experimental results in terms of streamwise velocity component (U), wall-
normal velocity component (V), and out-of-plane vorticity component (€2,).
The general agreement is sufficient with some levels of disparities to use the
numerical simulation results for the investigation of the height effect on the

wake and decay parameters.

118



e Investigation of the height effect on various decay parameters with MVGs
having five different h/d ratios showed that,

= As the device height increased, the maximum velocity deficit
increased, which also increased as the wake progressed downstream.
Interestingly, as the h/d ratio increases, the offset between the curves
of the decay of the maximum velocity decreases, indicating that there
might be a limit on the h/0 ratio, after which the increase of the
maximum velocity deficit slows down.

= General trends for the subsonic wakes are observed to be similar to
their supersonic counterparts, especially for the maximum velocity
deficit. For both flow regimes, the curves of the maximum velocity
deficit show a collapsing behavior as the h/0 ratio increases.
However, this is not valid for the position of the maximum velocity
deficit, as the decay curves behave much more dispersed than their
behavior regarding the maximum velocity deficit itself.

= The investigation on the decay of wall-normal velocity showed that
as the h/0 ratio increases, the maximum upwash velocity increases, as
expected. The maximum upwash velocity decreases as the wake
develops downstream, indicating the decay of the wake. The position
of the maximum wall-normal velocity also increases with the
increasing h/d ratio, indicating that a stronger vortex pair is generated
with larger devices. As the wake progresses downstream, the position
of the maximum upwash velocity also increases, indicating the lift-
off of the vortex pair.

* For the subsonic ramp-type MVG wake, the maximum upwash
velocity and its position do not show a collapsing behavior in general;
however, they seem to collapse with each other and the supersonic
data further downstream for the decay of the maximum upwash
velocity and at the near-wake region for the decay of its position. The
same general trends are recorded for the subsonic and supersonic

decay of the maximum upwash velocity and its position.
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The spanwise investigation of the streamwise (U), wall-normal (V),
and spanwise (W) velocity components showed that the effects of
larger MVGs do not diminish further downstream. This is especially
important at the out-of-symmetry planes (i.e., z/h=1), as it is seen that
the streamwise and spanwise components are not still totally decayed
for MVG6 at x/h=30 and z/h=1 indicating that the there might be
excess three-dimensional effects still present in the wake further
downstream.

The drag coefficients of the ramp-type MVGs increase excessively
with increasing height. This fact, together with the possibility of
having persisting excess three-dimensional effects after the flow
control is achieved, shows that, in order to select the optimum device
dimensions, care must be given to choosing a device height that is as
small as possible to achieve the flow control to avoid the excessive
effects caused by the persisting vortices.

The investigation of the streamwise vorticity component (£) in
streamwise planes (x-planes) illustrates that the vortex pair generated
by the MVGs starts to reach and even exceeds the undisturbed
boundary layer thickness as the device height increases, indicating the
possibility of persisting excess effects of the vortex pair after the

desired boundary layer control is achieved.

The investigation of the decay parameters showed that for the ramp-type
MVGs in subsonic flow conditions, as the h/6 ratio increases, the similarity
level with their supersonic counterparts also increases. This behavior is
explained using the effective Reynolds number and vortex strength values at
five device heights downstream. As a result, as the device Reynolds number
increased, the vortex strength values of MVGs at five device heights
downstream fell into a single line. Therefore, It is concluded that for the
values of the device Reynolds number that are higher than or close to a
particular value (i.e., 1400), it is possible to create similar wakes regardless

of the Mach number.
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A modified method similar to the one used by Sun [77] for self-similarity is
suggested, and it is revealed that the ramp-type MVGs in subsonic flow
conditions exhibit a self-similar behavior in terms of the velocity
components. The self-similarity allows for scaling the MVG wake regardless
of the h/6 ratios.

The wake model suggested for the ramp-type MVG wakes is used to
reconstruct the wakes of ramp-type MVGs in supersonic flow conditions.
The model achieved the general trends in terms of the streamwise velocity
component with a good agreement in the maximum velocity deficit.
However, the position of the maximum velocity deficit is modeled with high
error percentages. It is seen that the model errors increased with increasing
h/d ratio. The model achieved a better agreement regarding the wall-normal
velocity component compared to that achieved in the streamwise velocity
component. A better agreement is achieved for the velocity profiles of both
velocity components when the results of Giepman [74] are reconstructed,
compared to the reconstruction of the results of Sun [77], even though the
MVG used by the former has a different design. This is explained by the fact
that the h/6 ratios used by Sun [77] are much higher than those used in this
study or by Giepman [74].

Investigating the decay parameters for the modeling effort allowed us to
examine the decay behavior of ramp-type MVGs with five different heights
and two MVGs with varying heights from [77] in detail. In contrast to the
other decay parameters, decay of the maximum velocity deficit (Figure 6.5)
showed that there might be a limit of h/3 as the plot of the coefficient values

shows an acute difference after h/6=0.36.

A future research effort is suggested for the investigation of the ramp-type MVG

wake employing a tomographic PIV in order to gain insight into the three-

dimensional organization of the wake. Moreover, performing an experimental

campaign with a higher sampling rate is suggested to have a more in-depth

discussion on the instabilities. The instantaneous organization of the flow and the
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vortices in streamwise (x-direction, wall-normal (y-direction), and spanwise (z-
direction) planes and their SPOD analysis would produce exciting results, especially
on the effects of the unsteady feature, namely the Kelvin-Helmholtz instability on

the supposedly steady streamwise vortex pair.

Conducting measurements and numerical simulations employing ramp-type MVGs
having various designs is also suggested, which would produce results for improving
the wake model further. These results would be used to compare the effects of the
chord, the width, and the angle of the ramp-type MVGs on the wake. Furthermore,
they would also be used to have a more comprehensive comparison with the wakes
of ramp-type MVGs in supersonic flow regimes. Another suggestion regarding the
wake model is to compare it with the wake of different types of MVGs, such as vane-

type MVGs.

For the supersonic aspect of this study, conducting experiments and numerical
simulations at supersonic flow conditions is also suggested. However, it should be
noted that access to a supersonic wind tunnel and finding a slot to conduct
experiments in a supersonic wind tunnel is expected to be a difficult task, which also
obstructs the efforts for a validated numerical simulation case. That is why
conducting measurements at subsonic flow regimes with different MV G designs and
using the results to compare with the existing results of their supersonic counterparts
is suggested. However, to this end, adding more h/d ratios with the aim of having
effective device Reynolds numbers higher than 1400 to investigate the region in

subsonic flow regimes where the vortex strength is linear is also suggested.

A deeper investigation of the limit that separates the MVGs from their d-scale
counterparts is needed. The limit suggested in this study solely arises from the
change in the behavior of larger MVGs in terms of the maximum velocity deficit.
However, this effect might also come from the fact that the streamwise vortices
created by larger MVGs exceed the boundary layer thickness further downstream.
Consideration must be given to the definition of MVGs. Instead of limiting them by
h/d, a new limit might be defined by the strength or the lift-off behavior of the
streamwise vortex pair.
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APPENDICES

A. Spanwise Investigation of Velocity Profiles
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Figure A.8.1 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=5 and z/h=0 to 3 for MVG2 (top row) and
MVG3 (bottom row).
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Figure A.8.2 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=5 and z/h=0 to 3 for MVG4 (top row) and
MVGS (bottom row).
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Figure A.8.3 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=5 and z/h=0 to 3 for MVG6.
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Figure A.8.4 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=10 and z/h=0 to 3 for MVG2 (top row) and
MVG3 (bottom row).
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Figure A.8.5 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=10 and z/h=0 to 3 for MVG4 (top row) and
MVGS (bottom row).
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Figure A.8.6 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=10 and z/h=0 to 3 for MVG6.
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Figure A.8.7 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=15 and z/h=0 to 3 for MVG2 (top row) and
MVG3 (bottom row).
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Figure A.8.8 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=15 and z/h=0 to 3 for MV G4 (top row) and
MVGS5 (bottom row).
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Figure A.8.9 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=15 and z/h=0 to 3 for MVG6.
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Figure A.8.10 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=20 and z/h=0 to 3 for MVG2 (top row) and
MVG3 (bottom row).
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Figure A.8.11 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=20 and z/h=0 to 3 for MV G4 (top row) and
MVGS (bottom row).
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Figure A.8.12 Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=20 and z/h=0 to 3 for MVG6.
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Figure A.8.13. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=25 and z/h=0 to 3 for MVG2 (top row) and
MVG3 (bottom row).
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Figure A.8.14. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=25 and z/h=0 to 3 for MV G4 (top row) and
MVGS5 (bottom row).
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Figure A.8.16. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=30 and z/h=0 to 3 for MVG2 (top row) and
MVG3 (bottom row).
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Figure A.8.17. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=30 and z/h=0 to 3 for MV G4 (top row) and
MVGS (bottom row).
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Figure A.8.18. Comparison of the velocity components, first column: U, second
column: V, and third column: W, at x/h=30 and z/h=0 to 3 for MVG6.
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B. Decay of the Streamwise Vorticity Component
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Figure B.8.19 Contours of normalized streamwise vorticity component (Qxh/Uc)
shown over x-planes illustrating the counter-rotating vortices at x/h=1 for a) MVG2,
b) MVG3, ¢c) MVG4, d) MVGS, e) MVG6.

153



Qh/U_, MVG2 x/h= Qh/U_, MVG3 x/h=
a)  h/U_, MVG2 x/h=5 b)  h/U_, MVG3 x/h=5

-05-04-03-0.2-0.1 0.1 0.2 0.3 04 05 -05-04-03-02-0.1 0.1 0.2 0.3 04 05

z/h
0) Q,hiU_, MVG4 x/h=5 d) Q,h/U_, MVGS5 x/h=5
-05-04-0.3-0.2-0.1 0.1 0.2 0.3 04 05 -05-04-0.3-0.2-0.1 0.1 0.2 0.3 04 05

y/h

15 . 0 0. 15

Qh/U_, MVG6 x/h=5

-05-04-03-02-0.1 0.1 0.2 0.3 04 05

1 05 0 05
z/h

Figure B.8.20 Contours of normalized streamwise vorticity component (Qxh/Ux)
shown over x-planes illustrating the counter-rotating vortices at x/h=>5 for a) MVG2,
b) MVG3, ¢c) MVG4, d) MVGS, e) MVG6.
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Figure B.8.21 Contours of normalized streamwise vorticity component (Qxh/Ux)

shown over x-planes illustrating the counter-rotating vortices at x/h=15 for a)
MVG2, b) MVG3, ¢) MVG4, d) MVGS5, e¢) MVG6.
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