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ABSTRACT

NUMERICAL AND EXPERIMENTAL INVESTIGATION OF
PITCHING/PLUNGING AIRFOILS IN HOVER

Hizli, Hasan
M.Sc., Department of Aerospace Engineering

Supervisor: Assoc. Prof. Dr. Dilek Funda Kurtulus

December 2012, 132 pages

In this thesis, results of the numerical and experimental study corresponding to four
airfoils, namely SD7003, NACA0012, 10% thick elliptical, 10% thick flat plate,
undergoing sinusoidal pure pitch, pure plunge and combined pitch-plunge types of
hovering motion are presented. A number of cases are investigated consisting of
different pitching and plunging amplitudes. The study aims to provide a better
understanding of the aerodynamics phenomena and the vortex topology of flapping
wings in motion for application to micro air vehicle (MAV) designs, to investigate
the effect of pitching and plunging amplitudes on the different modes of hovering
motion and to compare the numerical and experimental results for validation of the
newly built experimental setup with the numerical simulations by means of the
instantaneous flow topologies. The unsteady, incompressible Navier-Stokes
equations are solved for the extensive numerical simulation of the flow field around
the airfoils whereas the instantaneous velocity field data of the flow are acquired by
the Particle Image Velocimetry (PIV) measurements. An agreement between the

numerical and experimental results of the investigated test cases is observed in terms



of the instantaneous vortex structure of the flow. Among the studied cases, the
highest mean lift coefficient is obtained from pitching-plunging (a,=30°, x,=0.01 m)
SD7003 airfoil while the lowest is obtained from purely plunging (x,=0.02 m) 10%
thick flat plate airfoil. Moreover, pitching-plunging (az=30°, X,=0.02 m) SD7003
airfoil gives the lowest mean drag coefficient whereas pitching-plunging (aa=45°,

Xa=0.01 m) 10% thick elliptical airfoil gives the highest.

Keywords: Flapping Airfoils, Hovering, Micro Air Vehicles, Particle Image
Velocimetry (PIV).
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HAVADA ASILI KONUMDA YUNUSLAMA/DALMA HAREKETI YAPAN
KANAT KESITLERININ SAYISAL VE DENEYSEL OLARAK INCELENMESI

Hizli, Hasan
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Dilek Funda Kurtulus

Aralik 2012, 132 sayfa

Bu tezde, sinus bicimli sade yunuslama, sade dalma ve kombine yunuslama-dalma
tirlerinde havada asili kalma hareketi yapan dort kanat kesitine, yani SD7003,
NACAO0012, %10 kalinlikta eliptik ve %10 kalinlikta diiz plakaya ait sayisal ve
deneysel ¢alismanin sonuglar1 sunulmaktadir. Farkli yunuslama ve dalma genliklerini
iceren bir¢ok durum incelenmistir. Bu ¢alisma, mikro hava araglarinin (MHA)
tasarimina uygulanmasi i¢in hareket halindeki ¢irpan kanatlarin aerodinamiginin ve
girdap topolojisinin daha iyi anlagilmasini, yunuslama ve dalma genliklerinin havada
asili kalma hareketinin farkli modlar1 Uzerindeki etkilerinin incelenmesini ve yeni
kurulan deney diizeneginin sayisal benzetimler ile dogrulanmasi igin sayisal ve
deneysel sonuglar1 anlik akis topolojileri araciligiyla karsilastirmay1 amaglamaktadir.
Kanat kesitlerinin etrafindaki akis alaninin sayisal modellemesi i¢in daimi olmayan,
sikigtirilamaz Navier-Stokes denklemleri ¢oziiliirken akisin anlik hiz alani verileri ise
Parcacik Imge Hizdlger (PIH) 6lcuimleri ile elde edilmistir. Akisin anlik girdap yapisi
acisindan incelenen durumlarin sayisal ve deneysel sonuclar1 arasinda bir uyusma

oldugu gozlemlenistir. Incelenen durumlar arasinda, en diisiik ortalama kaldirma

Vi



kuvveti katsayis1 sade dalma hareketi (x,=0.02 m) yapan %10 kalinlikta diiz plaka
kanat kesitinden elde edilirken, en yiiksegi ise yunuslama-dalma hareketi (a;=30°,
Xa=0.01 m) yapan SD7003 kanat kesitinden elde edilmistir. Bunun yaninda,
yunuslama-dalma hareketi (a,=30° X3=0.02 m) yapan SD7003 kanat kesiti en diisiik
ortalama siirtiinme kuvveti katsayisini verirken, yunuslama-dalma hareketi (a,=45°,

Xa=0.01 m) yapan %10 kalinlikta eliptik kanat kesiti ise en yliksegini vermistir.

Anahtar Kelimeler: Cirpan Kanat Kesitleri, Havada Asili Kalma, Mikro Hava

Araclar1, Parcacik Imge Hizolger (PIH).

vii



to the proprietor of everything...

viii



ACKNOWLEDGMENTS

I would like to express my deepest appreciation to my supervisor Assoc. Prof. Dr.
Dilek Funda Kurtulus for all the opportunities she provided to me to realize this
study. | am extremely grateful and indebted to her for her expert, sincere and
valuable guidance, criticism and encouragements extended to me through the

research. | owe too much to her.

I would like to specially thank to jury members Prof. Dr. ismail Hakki Tuncer,
Assoc. Prof. Dr. Oguz Uzol, Asst. Prof. Dr. Kiirsad Melih Giileren and Asst. Prof.

Dr. Mustafa Kaya for reviewing my thesis.

I am indebted to the technical assistance of Oguz Durmaz. | am grateful to Erkan
Gilinaydinoglu and in particular to Cagr1 Gezgii¢ for sharing their knowledge about
CFD tricks with me. | would also like to place on record my sense of gratitude to all
my precious friends who, in one or another way, influenced on my decisions and

have lent their helping hands to me during the hard times.
Last, but not least, | owe my sincere and earnest thankfulness to my mother for her
unceasing encouragement and support. If she did not support me in all stages of my

life, I would not be here. Thank God that | have her. | also thank to my father.

This thesis was supported by TUBITAK 105M230 Career Project.



TABLE OF CONTENTS

ABSTRACT ..ttt b bbbt b e n st e et b renne e iv

O Z ettt ettt vi

ACKNOWLEDGMENTS ..ot iX

TABLE OF CONTENTS ...ttt st X

LIST OF TABLES ...ttt s Xiii

LIST OF FIGURES ..ottt sttt st st XV

NOMENCLATURE . ...ttt re et na e XX
CHAPTERS

1 INTRODUCTION ..cooiiiiiiiiiesiteeeie ettt st ene s 1

1.1 Background INfOrmMation ............ccccoveriiiiininieieee e 1

1.2 Present APPrOACH .....ccciiiiiiiiiiee s 3

1.3 MaJOr ODJECHIVES....ccuieiiciiecieee ettt 3

1.4 Outling OF the TNESIS .....cceiiieiice s 4

2 LITERATURE SURVEY ....ooiiiiicicieiee et 5

2.1 Numerical and Analytical Approaches ............ccooevviiiineneninienisen 5

2.2  Experimental APProaches.........cccoveiiiieiicii e 9

2.3  Comparative Studies: Numerical vs. Experimental Approaches........... 14

3 NUMERICAL METHOD ......coiit it 18

3.1 GOVerning EQUAIONS. .........ccoviiiieieieicsie s 18

3.2 Flow Field DeSCriptioN........ccviveiverieeieseesesie s esie e e 19

3.3 Computational Grid and Boundary Conditions ............cccccceevevvverirenenne. 20

3.4 Grid and Time-step Refinement StUdIes ...........ccceviriiiienienie i 23

3.5 Hovering KINEMALICS .......cccoriiiiiiieieie s 25



3.6 Significant Non-Dimensional Parameters............cccccocevvveveiveieeseenene 27

3.7 Definition of the VOItICItY.......ccooiiiiiieicece e 29
3.8 Calculation of the Aerodynamic Force and Moment Coefficients ........ 29
3.9  Calculation of the Total FOrce.........cocoiiiiiiiiiiinieeeee e 30
.10 TESE CASES ..ttt sttt 31
EXPERIMENTAL METHOD ..ot 33
4.1  EXPerimental SETUD .......cccooiiiiiiieiccee s 33
4.1.1 Wing Models CoNnSIdered.........ccooeerererinininieeiee e 34
4.1.2 The Water TaNK ......cccoiiiiiiiisieeie e 35
4.1.3 Definition of the FIOW .........cccoooiiiiiiiii e 35
4.1.4 The POSItIONING SYSEM ...cueiiiiiiiieie e 36
4.2  Particle Image Velocimetry (PIV) ..o 37
4.2.1  TUMINGTION 1ttt 37
4.2.2  SEEUING ...eeivieeiie sttt 38
4.2.3  1Mage ACQUISITION ......oiuiiiiiiiiiieieie e 38
4.2.4  Data ANAIYSIS.....cviiiiiiieiieiiseee e 39
4.3  Summary of the Experimental Conditions............ccccccevvveveiieiieveciee, 40
4.4  Experimental ProCeUIE..........ccouveiieiie et 41
RESULTS AND DISCUSSION .....oooiiiiiiieccee e 42
5.1  Results of the Pure Pitch Motion Case..........cccoveveiiieivenesieneese e 43
5.1.1 SD7003 Airfoil Undergoing Pure Pitch Motion............ccccccevvevvennenne. 43
5.1.2 NACAOQ0012 Airfoil Undergoing Pure Pitch Motion .............c..ccue..... 51
5.2 Results of the Pure Plunge Motion Case..........cccceoereneneneninisieienes 59
5.2.1 SD7003 Airfoil Undergoing Pure Plunge Motion.............c.cccccevvnunnne. 59
5.2.2 NACAO0012 Airfoil Undergoing Pure Plunge Motion..............c......... 67
5.3  Results of the Combined Pitch-Plunge Motion Case..........ccccceevvreennens 75
5.3.1 SD7003 Airfoil Undergoing Combined Pitch-Plunge Motion........... 75
5.3.2 NACAO0012 Airfoil Undergoing Combined Pitch-Plunge Motion..... 83
5.4  Comparison of the Aerodynamic Force and Moment Coefficients....... 91
CONCLUSION ..ottt sttt nes 95
6.1  General CONCIUSIONS ......ccvevuiiiiiieeie e 95

Xi



6.2 Recommendations for FUrther StUdieS..........oooveeeeeeeeeeeeeeeeeeeeeeeee 98

REFERENGCES ... .ottt e e e e 99
APPENDICES

A. RESULTS OF THE CASE STUDIES.......cccositiiieiieieiee e 108

A.1  Results of the Pure Pitch MoOtion ... 109

A.1.1 SD7003 Airfoil Undergoing Pure Pitch Motion............cccccevevvenenn 109

A.1.2 NACAO0012 Airfoil Undergoing Pure Pitch Motion ............ccccoc..... 109

A.1.3 10% Thick Elliptical Airfoil Undergoing Pure Pitch Motion .......... 110

A.1.4 10% Thick Flat Plate Airfoil Undergoing Pure Pitch Motion.......... 111

A.2  Results of the Pure Plunge Motion ..........ccccoeevieiiieiic i 112

A.2.1 SD7003 Airfoil Undergoing Pure Plunge Motion.........c...ccocevvennenn 112

A.2.2 NACAO0012 Airfoil Undergoing Pure Plunge Motion...................... 112

A.2.3 10% Thick Elliptical Airfoil Undergoing Pure Plunge Motion........ 113
A.2.4 10% Thick Flat Plate Airfoil Undergoing Pure Plunge Motion....... 114
A.3  Results of the Combined Pitch-Plunge Motion..............ccocooviviinnenn. 115
A.3.1 SD7003 Airfoil Undergoing Combined Pitch-Plunge Motion......... 115
A.3.2 NACAO0012 Airfoil Undergoing Combined Pitch-Plunge Motion... 117
A.3.3 10% Thick Elliptical Airfoil Undergoing Combined Pitch-Plunge
1Y/} o o SRR 119
A4 Comparison of the Aerodynamic Force and Moment Coefficients..... 121

B. INITIAL CONDITION DEPENDENCY AND PERIODICITY ANALYSIS
OF TWO TEST CASES. ... ..o 126

C. PHYSICAL CHARACTERISTICS OF THE TEST CASES.........c.cceeue. 132

Xii



LIST OF TABLES

TABLES

Table 3.2.1 Thermo-physical properties of the working fluid water. ........................ 19
Table 3.6.1 The reference velocity definitions for the investigated cases. ................ 28
Table 3.10.1 Test cases investigated during the Study............ccccevveiiieiie s, 31

Table 4.3.1 Summary of the experimental conditions for the PI\VV measurements. ... 40

Table 5.1.1 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely pitching (a,=30°; k=3.8) SD7003 airfoil [1/s]
(positive values indicate the CCW, negative values indicate the CW rotating
VOTTICES). 1ttt ettt sttt bbbt bbbt b e bbbt a et e b et et b b bt neene s 47

Table 5.1.2 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely pitching (a,=45°; k=2.5) SD7003 airfoil [1/s]
(positive values indicate the CCW, negative values indicate the CW rotating
VOTTICES). 1ttt etttk bbb bbbt b e bbbt h et e b b et b e b neeneene s 47

Table 5.1.3 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely pitching (a,=30°% k=3.8) NACA0012 airfoil
[1/s] (positive values indicate the CCW, negative values indicate the CW rotating
VOTTICES). 1ttt etttk bbb bbbt b e bbbt h et e b b et b e b neeneene s 55

Table 5.1.4 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely pitching (a,=45°% k=2.5) NACA0012 airfoil
[1/s] (positive values indicate the CCW, negative values indicate the CW rotating
VOTTICES). vttt sttt bbbt bbb bbbt s et e et e st bbbt ene s 55

Table 5.2.1 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely plunging (xa=0.01 m; k=3.0) SD7003 airfoil
[1/s] (positive values indicate the CCW, negative values indicate the CW rotating
VOTTICES). 1ttt etttk bbb bbbt b e bbbt h et e b b et b e b neeneene s 63

Table 5.2.2 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely plunging (xa=0.02 m; k=1.5) SD7003 airfoil
[1/s] (positive values indicate the CCW, negative values indicate the CW rotating
VOTTICES). 1tttk b bbb e bbbt b bt e e nb et b bt neene s 63

Table 5.2.3 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely plunging (xa=0.01 m; k=3.0) NACAQ0012
airfoil [1/s] (positive values indicate the CCW, negative values indicate the CW
FOTALING VOITICES). ..uvititiitieiieiie ettt bbbttt bbb 71

Table 5.2.4 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely plunging (xa=0.02 m; k=1.5) NACA0012

Xiii



airfoil [1/s] (positive values indicate the CCW, negative values indicate the CW
FOTALING VOITICES). ..ttt bbbttt bbbt 71

Table 5.3.1 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the pitching-plunging (a,=30°, X,=0.01 m; k=2.4)
SD7003 airfoil [1/s] (positive values indicate the CCW, negative values indicate the
CW rOtatiNg VOITICES). ....eeuviieeeitiiiesii sttt 79

Table 5.3.2 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the pitching-plunging (aa=30°, X,=0.02 m; k=1.4)
SD7003 airfoil [1/s] (positive values indicate the CCW, negative values indicate the
CW 1OtatING VOITICES). .evviiveeieeuiesiiestieiesieesteeiesee st e e seeste e e seesseestesneesreesbesneesneeneeas 79

Table 5.3.3 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the pitching-plunging (0a=30°, x,=0.01 m; k=2.4)
NACAO0012 airfoil [1/s] (positive values indicate the CCW, negative values indicate
the CW rotating VOITICES). ......eeeeiiieieiie sttt 87

Table 5.3.4 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the pitching-plunging (0a=30°, x,=0.02 m; k=1.4)
NACAO0012 airfoil [1/s] (positive values indicate the CCW, negative values indicate

the CW rotating VOITICES). ......eeeeiiieieiiesiisie et 87
Table 5.4.1 The mean aerodynamic force and moment coefficients obtained from
2-D CFD for pure pitch MOtION CASES. .....c.ceveviiiriiriiniisie s 92

Table 5.4.2 The mean aerodynamic force and moment coefficients obtained from
2-D CFD for pure plunge MOLION CASES. ......c.orververierieriirieeiieieie e 92

Table 5.4.3 The mean aerodynamic force and moment coefficients obtained from
2-D CFD for combined pitch-plunge motion cases of SD7003 and NACA0012
AUTTOTIS. 1.ttt 94

Table 5.4.4 The mean aerodynamic force and moment coefficients obtained from
2-D CFD for combined pitch-plunge motion cases of 10% thick elliptical airfoil.... 94

Table B.1 The mean aerodynamic force coefficients obtained from 2-D CFD with
fine grid simulations for purely pitching (aa=45°; k=2.5) NACA0012 airfoil in terms
of different Motion KiNEMALICS. ..........ccoveiieiiiiie e 129

Table B.2 The mean aerodynamic force coefficients obtained from 2-D CFD with
fine grid simulations for purely plunging (xa=0.02 m; k=1.5) NACAQ0012 airfoil in
terms of different periods of MOtION. ..........cccocoviiieiiii e 131

Table C.3 The reference velocity, Reynolds number (Re) and reduced frequency (k)
values of the INVeStIgated CASES.........ccviiiiieriiiieie e 132

Xiv



LIST OF FIGURES

FIGURES

Figure 3.3.1 2-D fine computational grid domain (left) and its distribution around the
NACAO012 @irfoil (FIGNL). ..ooeeieiiiiee s 20
Figure 3.3.2 2-D coarse computational grid domain (left) and its distribution around
the NACAO012 airfoil (Fght). ..oooooeee e 21
Figure 3.3.3 3-D computational grid domain (left) and its distribution around the
wing model having SD7003 airfoil (right). ... 22

Figure 3.4.1 Time histories of lift and drag coefficients with different grids (top) and
with different time-steps (bottom) for purely pitching (2,=30°; k=3.8) NACA0012
airfoil over three periods of MOLION. .......cccviiiiiii i 24

Figure 3.5.1 Schematic description of the investigated hovering motion cases:
[a] pure pitch motion, [b] pure plunge motion, [c] combined pitch-plunge motion. . 26

Figure 3.10.1 The parameter space considered and baseline test cases, denoted by

DIUE THANGIES. ..o e 32
Figure 4.1.1 The schematic illustration of the experimental setup. ............cc.ccovenene. 34
Figure 4.1.2 Wing models with different airfoils considered. .............cccccoeeivennnnn. 35
Figure 4.1.3 The schematic illustration of the positioning system. ............ccoceeveenne. 36
Figure 5.1.1 Instantaneous vorticity contours for purely pitching (aa=30°; k=3.8)
ST 00K I U] o 1 ST ORRSRRR 45
Figure 5.1.2 Instantaneous vorticity contours for purely pitching (a,=45°; k=2.5)
ST 00K I U] o1 TSRS 46

Figure 5.1.3 Instantaneous pressure coefficient (Cp) contours obtained from 2-D CFD
for purely pitching (aa=30°; k=3.8) SD7003 airfoil (vectors in red color denote the
magnitude of instantaneous total force with its direction). ..........c.ccccevvveviiiii e, 48

Figure 5.1.4 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for purely
pitching (¢a=30°; k=3.8 and a;=45°; k=2.5) SD7003 airfoil..........ccceevevrerrerrrrrnnen. 50

Figure 5.1.5 Instantaneous vorticity contours for purely pitching (aa=30° k=3.8)
NACAOQDOLZ QIFTOIL.....cviiiee e e reenrne s 53

Figure 5.1.6 Instantaneous vorticity contours for purely pitching (aa=45°% k=2.5)
NACAODODL2 QIITOIL....eeeiceieceee e ens 54

Figure 5.1.7 Instantaneous pressure coefficient (Cp) contours obtained from 2-D CFD
for purely pitching (2,=30°; k=3.8) NACAO0012 airfoil (vectors in red color denote
the magnitude of instantaneous total force with its direction). .........c.ccccccevvevvenenne. 57

XV



Figure 5.1.8 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for purely
pitching (a=30°; k=3.8 and a,=45°; k=2.5) NACAO0012 airfoil.............c.coevevrvreee. 58

Figure 5.2.1 Instantaneous vorticity contours for purely plunging (xa=0.01 m; k=3.0)
SDT7003 @IFTOIL ..o 61

Figure 5.2.2 Instantaneous vorticity contours for purely plunging (xa=0.02 m; k=1.5)
SDT7003 @IMTOIL ..o e 62

Figure 5.2.3 Instantaneous pressure coefficient (Cp,) contours obtained from 2-D CFD
for purely plunging (xa=0.02 m; k=1.5) SD7003 airfoil (vectors in red color denote
the magnitude of instantaneous total force with its direction). .........cccccevvvevervinenne. 64

Figure 5.2.4 Time histories of lift, drag and moment coefficients and moment
coefficient versus plunging distance distributions obtained from 2-D CFD for purely
plunging (Xa=0.01 m; k=3.0 and x,=0.02 m; k=1.5) SD7003 airfoil. ....................... 66

Figure 5.2.5 Instantaneous vorticity contours for purely plunging (x,=0.01 m; k=3.0)
NACAOOL2 QIMOIL ....veiuiiieieiece ettt e e 69

Figure 5.2.6 Instantaneous vorticity contours for purely plunging (x,=0.02 m; k=1.5)
NACAODOL2 QIFTOIL....ecviieieceee e 70

Figure 5.2.7 Instantaneous pressure coefficient (Cp) contours obtained from 2-D CFD
for purely plunging (x,=0.02 m; k=1.5) NACAO0012 airfoil (vectors in red color
denote the magnitude of instantaneous total force with its direction). ..................... 72

Figure 5.2.8 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for purely
plunging (Xa=0.01 m; k=3.0 and x,=0.02 m; k=1.5) NACA0012 airfoil. ................. 74

Figure 5.3.1 Instantaneous vorticity contours for pitching-plunging (az=30°,
Xa=0.01 m; k=2.4) SD7003 @irfOil. ........ccceerviiieiiieii et 77

Figure 5.3.2 Instantaneous vorticity contours for pitching-plunging (az=30°,
Xa=0.02 m; k=1.4) SD7003 @irfOil. ........ccceeiieiiiiiieii e 78

Figure 5.3.3 Instantaneous pressure coefficient (Cp) contours obtained from 2-D CFD
for pitching-plunging (aa=30° x,=0.02 m; k=1.4) SD7003 airfoil (vectors in red
color denote the magnitude of instantaneous total force with its direction). ............. 80

Figure 5.3.4 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for pitching-
plunging (aa=30°, x,=0.01 m; k=2.4 and a,=30° x,=0.02 m; k=1.4) SD7003
21 0] | SR SUPRSRPR 82

Figure 5.3.5 Instantaneous vorticity contours for pitching-plunging (a.=30°
Xa=0.01 m; k=2.4) NACAOQOOL2 QIrfOil.......ccceriveiiiiriieii e 85

Figure 5.3.6 Instantaneous vorticity contours for pitching-plunging (a.=30°
Xa=0.02 m; k=1.4) NACAOQOOL2 QIrfOil.......ccceriveriiiriieii e 86

Figure 5.3.7 Instantaneous pressure coefficient (Cp) contours obtained from 2-D CFD
for pitching-plunging (#a=30°, x,=0.02 m; k=1.4) NACAO0012 airfoil (vectors in red
color denote the magnitude of instantaneous total force with its direction).............. 88

XVi



Figure 5.3.8 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for pitching-
plunging (aa=30° X,=0.01 m; k=2.4 and a,=30°, Xx,=0.02 m; k=1.4) NACA0012

AITTOIL s 90
Figure A.1.1 Instantaneous vorticity contours for purely pitching (¢,=10°%; k=11.5)
SD7003 airfoil (2-D CFD: top row, PIV: DOttOM rOW)........ccceveiiniiiiiniiisieenes 109
Figure A.1.2 Instantaneous vorticity contours for purely pitching (¢.=10°%; k=11.5)
NACAOQ0012 airfoil (2-D CFD: top row, PIV: bOttom row). ........ccceceverenirnnnnnnnn. 109
Figure A.1.3 Instantaneous vorticity contours for purely pitching (2.=30° k=3.8)
10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row). .........c.cccceeveee. 110
Figure A.1.4 Instantaneous vorticity contours for purely pitching (aa=45°% k=2.5)
10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row). .........c.cccceeveee. 110
Figure A.1.5 Instantaneous vorticity contours for purely pitching (aa=30° k=3.8)
10% thick flat plate airfoil (2-D CFD: top row, PIV: bottom row). ..........ccccceeuenee. 111
Figure A.1.6 Instantaneous vorticity contours for purely pitching (aa=45°% k=2.5)
10% thick flat plate airfoil (2-D CFD: top row, PIV: bottom row). ..........ccccceeueenee. 111
Figure A.2.1 Instantaneous vorticity contours for purely plunging (xa=0.03 m; k=1.0)
SD7003 airfoil (2-D CFD: top row, PIV: DOttOM rowW)........cccoveiiniiiiiniiiiieeenes 112
Figure A.2.2 Instantaneous vorticity contours for purely plunging (xa=0.03 m; k=1.0)
NACAOQ0012 airfoil (2-D CFD: top row, PIV: bOttom row). ........ccccceevererinnnnnnnnn. 112
Figure A.2.3 Instantaneous vorticity contours for purely plunging (xa=0.01 m; k=3.0)
10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row). .........c.cccceeveee. 113
Figure A.2.4 Instantaneous vorticity contours for purely plunging (xa=0.02 m; k=1.5)
10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row). .........c.cccceevnne. 113
Figure A.2.5 Instantaneous vorticity contours for purely plunging (xa=0.01 m; k=3.0)
10% thick flat plate airfoil (2-D CFD: top row, PIV: bottom row). ...........cccceevneee 114
Figure A.2.6 Instantaneous vorticity contours for purely plunging (xa=0.02 m; k=1.5)
10% thick flat plate airfoil (2-D CFD: top row, PIV: bottom row). ...........cccceeveee. 114
Figure A.3.1 Instantaneous vorticity contours for pitching-plunging (aa=10°
Xa=0.01 m; k=2.9) SD7003 airfoil (2-D CFD: top row, PIV: bottom row).............. 115
Figure A.3.2 Instantaneous vorticity contours for pitching-plunging (aa=10°
Xa=0.02 m; k=1.5) SD7003 airfoil (2-D CFD: top row, PIV: bottom row)............. 115
Figure A.3.3 Instantaneous vorticity contours for pitching-plunging (aa=45°
Xa=0.01 m; k=1.9) SD7003 airfoil (2-D CFD: top row, PIV: bottom row)............. 116
Figure A.3.4 Instantaneous vorticity contours for pitching-plunging (aa=45°
Xa=0.02 m; k=1.3) SD7003 airfoil (2-D CFD: top row, PIV: bottom row)............. 116
Figure A.3.5 Instantaneous vorticity contours for pitching-plunging (e2=10°, x,=0.01
m; k=2.9) NACAQ012 airfoil (2-D CFD: top row, PIV: bottom row). ................... 117
Figure A.3.6 Instantaneous vorticity contours for pitching-plunging (az=10°, x,=0.02
m; k=1.5) NACAQ012 airfoil (2-D CFD: top row, PIV: bottom row). ................... 117

XVii



Figure A.3.7 Instantaneous vorticity contours for pitching-plunging (aa=45°, x,=0.01

m; k=1.9) NACAOQ012 airfoil (2-D CFD: top row, PIV: bottom row). ................... 118
Figure A.3.8 Instantaneous vorticity contours for pitching-plunging (aa=45°, x,=0.02
m; k=1.3) NACAQ0012 airfoil (2-D CFD: top row, PIV: bottom row). ................... 118

Figure A.3.9 Instantaneous vorticity contours for pitching-plunging (az=30°, x,=0.01
m; k=2.4) 10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row) ........ 119

Figure A.3.10 Instantaneous vorticity contours for pitching-plunging (aa=30°
Xa=0.02 m; k=1.4) 10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom
(101117 TR PRSP RPPR 119

Figure A.3.11 Instantaneous vorticity contours for pitching-plunging (aa=45°,
Xa=0.01 m; k=1.9) 10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom
10111 TSRS 120

Figure A.3.12 Instantaneous vorticity contours for pitching-plunging (aa=45°
Xa=0.02 m; k=1.3) 10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom
10171 TSRS 120

Figure A.4.1 Time histories of lift, drag and moment coefficients obtained from 2-D
CFD for purely pitching: [a] SD7003 airfoil (aa=10°; k=11.5), [b] NACA0012 airfoil
(2a=10°%; k=11.5), [c] 10% thick elliptical airfoil («,;=30° k=3.8), [d] 10% thick
elliptical airfoil (a,=45°% k=2.5), [e] 10% thick flat plate airfoil (aa=30°; k=3.8),
[f] 10% thick flat plate airfoil (@a=45% K=2.5)......ccceerieeririiireisiieeee s 121

Figure A.4.2 Time histories of lift, drag and moment coefficients obtained from 2-D
CFD for purely plunging: [a] SD7003 airfoil (x,=0.03 m; k=1.0), [b] NACA0012
airfoil (x,=0.03 m; k=1.0), [c] 10% thick elliptical airfoil (x,=0.01 m; k=3.0),
[d] 10% thick elliptical airfoil (x,=0.02 m; k=1.5), [e] 10% thick flat plate airfoil
(Xa=0.01 m; k=3.0), [f] 10% thick flat plate airfoil (x,=0.02 m; k=1.5). ................ 122

Figure A.4.3 Time histories of lift, drag and moment coefficients obtained from 2-D
CFD for pitching-plunging SD7003 airfoil: [a] a,=10° x,=0.01 m; k=2.9 case,
[b] 2a=10° x,=0.02 m; k=1.5 case, [c] aa=45°, X,=0.01 m; k=1.9 case, [d] a,=45°,
Xa=0.02 M; K=L.3 CASE. ..ueiveiiiiiiecie ettt 123

Figure A.4.4 Time histories of lift, drag and moment coefficients obtained from 2-D
CFD for pitching-plunging NACAO0012 airfoil: [a] aa=10° x,=0.01 m; k=2.9 case,
[b] 2a=10° x,=0.02 m; k=1.5 case, [c] aa=45°, Xa=0.01 m; k=1.9 case, [d] a,=45°,
Xa=0.02 M; KZL.3 CASE. ..ueiveiiiiiiiecie ettt 124

Figure A.4.5 Time histories of lift, drag and moment coefficients obtained from 2-D
CFD for pitching-plunging 10% thick elliptical airfoil: [a] a,=30° X,=0.01 m; k=2.4
case, [b] aa=30° x,=0.02 m; k=1.4 case, [c] ®a=45° X,=0.01 m; k=1.9 case, [d]
01a=45° Xa=0.02 M; K=1.3 CASE. ....cveviriiiiiieieieeeeetet ettt 125

Figure B.1 Instantaneous vorticity contours obtained from 2-D CFD with fine grid
simulations for purely pitching (a,=45°; k=2.5) NACA0012 airfoil in terms of
different motion KiNEMALICS. .......cccveueiieiieie e 127

Figure B.2 Time histories of lift and drag coefficients obtained from 2-D CFD with
fine grid simulations for purely pitching (a,=45°; k=2.5) NACA0012 airfoil in terms
of different Motion KINEMALICS. .........ccociiiiiiiiiiee s 128

xviii



Figure B.3 Instantaneous vorticity contours obtained from 2-D CFD with fine grid
simulations for purely plunging (x,=0.02 m; k=1.5) NACAO0012 airfoil in terms of
different periods of MOLION. .........ccccoviiiiii e 130

Figure B.4 Time histories of lift and drag coefficients obtained from 2-D CFD with
fine grid simulations for purely plunging (xa=0.02 m; k=1.5) NACAOQ012 airfoil in
terms of different periods of MOTION. .........ccviiiiiiii e 131

XiX



NOMENCLATURE

ABBREVIATIONS

2-D Two-Dimensional

3-D Three-Dimensional

BC Boundary Condition

CCw Counterclockwise

CFD Computational Fluid Dynamics
CW Clockwise

LDV Laser Doppler Anemometry
LE Leading Edge

LEV Leading Edge Vortex

MAV Micro Air Vehicle

PIV Particle Image Velocimetry
TE Trailing Edge

TEV Trailing Edge Vortex
SYMBOLS

c Chord length [m]

CL Lift coefficient per unit span
Co Drag coefficient per unit span
Cwm Moment coefficient per unit span
Co Pressure coefficient

f Frequency of the motion [Hz]
k Reduced frequency

Re Reynolds number

t Time variable [s]

T Period of the motion [s]

XX



vT Non-dimensional time variable

Uret Reference velocity [m/s]

u(t) Axial velocity in the horizontal direction [m/s]
v(t) Axial velocity in the vertical direction [m/s]

W Angular frequency (w = 2xf")

Xa Horizontal plunging amplitude [m]

Ya Vertical plunging amplitude [m]

GREEK LETTERS

Oa Pitching amplitude [radian]

U Dynamic viscosity of the fluid [kg/m:s]
v Kinematic viscosity of the fluid [m?/s]
1) Vorticity [1/s]

w(t) Angular velocity [radian/s]

XXi



CHAPTER 1

INTRODUCTION

1.1 Background Information

For thousands of years, flight of different species of insects and birds fascinates the
human being with the magic behind it [1]. It is believed by a great number of
scientists and biologists that flying mechanically with flapping wings to create lift
and thrust for various aims like maneuvering and transportation is very complex and
hard to achieve. To give an example, when the maximum roll rate of a typical
aerobatic aircraft is about 420 degrees per second, a barn swallow can reach a roll
rate of 5000 degrees per second [2]. However, it is not impossible to fly with
flapping wings at all. In order to be able to create vehicles flying or swimming as
professional as animals, there are many ongoing researches, a great majority of them
are for military purposes, related to the investigation of different kinds of flapping
motion, mainly forward flapping flight and hovering, by means of extensive

numerical and experimental studies nowadays ([3] - [5]).

Being technologically and scientifically developed, engineers have started to
understand the secrets behind the flapping motion of natural flyers and then to design
and build small flying vehicles imitating the nature for various aims. Recently, Micro
Air Vehicles (MAVSs), Autonomous Underwater Vehicles (AUVS) and more artily,
Nano Air Vehicles (NAVs) are being developed by numerical means and then being
tested in an experimental environment in order to achieve the aims of flapping flight

that animals easily do and by this means to meet mainly the military needs such as



surveillance and reconnaissance [6]. These vehicles may take the advantages of
flapping flight in order to obtain better performances compared to the traditional
methods [7].

MAVs, which are defined as small flying air vehicles having a maximum dimension
of 15 cm and a maximum weight of 90 grams by the Defense Advanced Research
Projects Agency (DARPA) [8], are the ones that excite the substantial attention of
engineering community in this field. There is an increasing need of MAVS,
especially for military applications, due to the advantages they have over
conventional aircrafts such as high maneuverability, high efficiency, acquiring real
time data, low radar cross-section area, low noise level, forestry and wildlife

surveying and so on ([8], [9]).

MAVs may have fixed, rotary and flapping wing configurations [10]. But flapping
wing MAVs are believed to have better aerodynamical and propulsive performances
than fixed and rotary wing MAVs at low Reynolds number flights [12]. At low
Reynolds numbers (typically in the order of 10° to 10°), the aerodynamic
performance of fixed wing MAVs drops dramatically due to high viscous drag and
flow separation, causes loss of lift [11]. Flapping wing MAVs try to solve this
problem occurring at low Reynolds numbers by getting the advantage of highly
vertical flow fields generated at the leading and trailing edges of the wings to form
low pressure regions that may be used for lift and thrust generation [13]. Apparently,
there is one more disadvantage of fixed wing MAVSs: hovering. Due to the structural
limitations, fixed wing MAVs cannot hover, which is a significant problem
especially in a confined space [14]. Flapping wing MAVSs have also advantages over

rotary wing MAVs in term of maneuverability and near-wall locomotion [10].

Apart from the studies about application of flapping wings to design of MAVSs, there
are many areas of research about flapping wings such as aerodynamic flutter,
unsteady aerodynamics phenomena of cyclically flapping helicopter rotor blades,
blade-vortex interaction for preventing noise in rotorcrafts, decay of wake vortices

for minimizing their hazards on aircrafts and so on [7].



1.2 Present Approach

The current study is based on the numerical simulation and experimental
visualization of constant frequency, sinusoidal pure pitch, pure plunge and combined
pitch-plunge motions of four different airfoils, SD7003, NACA0012, 10% thick
elliptical and 10% thick flat plate, in hover, i.e. without any free stream velocity.
During the study, instead of using a complex and sophisticated model, a simplified
model is used due to the need to obtain quicker results and the limitations of the
experimental setup. The numerical and experimental studies are mainly performed in
2-D for all cases considered. However, 3-D numerical simulations are also performed
for the baseline test cases in order to investigate the three-dimensional effects for
these cases.

By this means, the unsteady, incompressible and constant property Navier-Stokes
equations are solved for the numerical simulation of the studied cases. Experimental
visualization of each test case is done by Particle Image Velocimetry (P1V) method.
The results obtained from these two studies are then analyzed, interpreted and

compared with each other in order to explain the observed phenomena.

1.3 Major Objectives

The major objectives of the present study are:

= to investigate the unsteady flapping motion of four different airfoils, namely
SD7003, NACAO0012, 10% thick elliptical and 10% thick flat plate,
undergoing sinusoidal pure pitch, pure plunge and combined pitch-plunge
motions in hover in order to provide a better understanding of the
aerodynamics phenomena and the vortex topology of these unsteady flapping

motions by means of the numerical and experimental studies;



= to investigate the effects of pitching and plunging amplitudes on the constant

frequency sinusoidal hovering motions of previously mentioned airfoils;

» to investigate the effects of domain resolution difference between the CFD

simulations and P1V visualizations and three-dimensional effects;

= to explore the hovering cases from which the highest mean lift coefficient and
the lowest mean drag coefficient are obtained,;

= to build an experimental setup in order to investigate the low frequency

flapping motion studies in hover mode for different test cases; and

» to validate the experimental setup with the numerical simulations, the
methodology followed for which have been verified previously within the
scope of the studies of NATO AVT-149 - Micro Air Vehicle Unsteady
Aerodynamics Task Group ([5], [14]).

1.4 Outline of the Thesis

In order to meet the objectives stated above, this thesis is divided into six chapters. In
Chapter I, some background information related to the concerned topic and the major
objectives of this thesis are given. Chapter Il reviews some previous works
corresponding to the aerodynamics of flapping wings. In chapter Ill, the detailed
explanation of the numerical methodology followed is given. Also in this chapter,
kinematics of the hovering motions under investigation and the test cases
investigated in the present study are given. Chapter 1V includes the description of the
experimental setup, the description of the Particle Image Velocimetry (PIV)
measurements and the experimental procedure carried out. Chapter V discusses all
the results obtained from the numerical simulations and PIV measurements of the
baseline test cases. Chapter VI presents the general conclusions and future

recommendations that could be done further on this study.



CHAPTER 2

LITERATURE SURVEY

This chapter is devoted to the review of some of the studies performed about the
flapping wing motion in recent years by means of numerical, analytical and
experimental approaches. The literature survey conducted is aimed to provide a
scientific basis for understanding the aerodynamics of the flapping wing motion. To
achieve this aim, the present chapter is divided into three main sections. In the first
section, the studies corresponding to numerical and analytical approaches are given.
Then, the studies by means of experimental approaches are given in the second
section. And in the last section, some of the comparative studies corresponding to the

comparison of the numerical and experimental approaches are presented.

2.1 Numerical and Analytical Approaches

The available literature has a great variety of documented research about the
numerical and analytical study of flapping motion for various aims. Some of these

studies are discussed in this section.

The two independent studies of Knoller [15] and Betz [16] are known to be the
earliest studies related to the flapping flight. They pointed out that the flapping
motion of an airfoil in forward flight generates an effective angle of attack resulting
to the airfoil to generate an aerodynamic force having lift, drag and thrust
components. This flow phenomenon is known as the Knoller-Betz effect. After a

decade, Katzmayr [17] experimentally verified this effect by performing a set of



wind tunnel tests in a sinusoidally oscillating free stream to measure the thrust
generated by the airfoil in motion. In those years, Birnbaum [18] developed a
solution methodology for the incompressible flow past flapping airfoils and
investigate the conditions resulting to flutter and thrust generation. He also defined
the similarity parameter reduced frequency, defined as the rate of flapping velocity to

the free stream velocity, for the first time.

In the following decade, Theodorsen [19] suggested an analytical method to
investigate the unsteady lift and moments on oscillating airfoils by making inviscid
and incompressible flow assumptions. A few years later, von Karman and Burgers
[20] made the first theoretical explanation of drag and thrust production of plunging
airfoils based on the wake vortices.

The advances in science and technology accelerated the researches regarding to the
flapping flight. Jones and Platzer [21] numerically studied the flow over single foils
using a time-dependent, 2-D panel code coupled with a boundary layer algorithm.
They noted that decreasing the reduced frequency and increasing the amplitude of
the motion while keeping the Strouhal number constant increases the propulsive

efficiency of the flapping motion.

Isogai et al. [22] studied the effect dynamic stall phenomena on the propulsive
efficiency and thrust of an airfoil undergoing combined pitch-plunge motion using a
Navier-Stokes solver for various cases having different phase differences and
reduced frequencies. They obtained the highest propulsive efficiency when the phase
difference is 90° pitching leads plunging, and the reduced frequency is at an

optimum value such that there is no flow separation observed.

Wang [23] numerically studied the flapping motion of a 2-D elliptical wing in
forward flight, which simulates the flight of a dragonfly, to select an optimal
frequency by solving the vorticity-stream function form of Navier-Stokes equations.
As a result, he observed that the optimal frequency obtained was very close to that
obtained from the 3-D analysis of Hall et al. [24]. In a following study, Wang [25]



followed the same numerical solution methodology used in his early study to
investigate the elliptical airfoil having 12.5% thickness to chord ratio undergoing a
figure-of-eight type hovering motion. He concluded that lift enough to support the

insect’s weight could be produced by 2-D sinusoidal hovering motion of the wing.

Sun and Du [26] studied the lift and power requirements of eight different insect
species undergoing a hovering flight numerically by solving the Navier-Stokes
equations. They investigated insect’s wings whose spans were ranging from 2 mm
(fruit fly) to 52 mm (hawkmoth) at Reynolds numbers ranging from 75 to 3850. As a
result of the study, they found that a midstroke angle of attack in the range of 25° to

45° is enough to produce a mean lift force equal to the insect’s weight.

In another study, the effect of Reynolds number, amplitude of the stroke, midstroke
angle of attack, duration of wing rotation and timing of rotation on the force
coefficients of a flapping fruit fly wing having flat plate cross section was analyzed
by Wu and Sun [27] for Reynolds numbers ranging from 20 to 1800. Wu and Sun
[28] also performed 3-D numerical simulations of the bumblebee wings in hovering
and forward flight cases in order to investigate the aerodynamic forces and power
requirements of them. They observed that at hovering and low-speed forward flight
cases, the vertical force was produced during both the upstroke and downstroke and
was contributed by wing lift whereas it was produced mainly during the downstroke
and was contributed by both wing lift and wing drag at medium and high speed
forward flight cases. Moreover, it was observed that the thrust was mainly produced
during the upstroke and was contributed by wing drag. It was also concluded that
during low to medium forward flight and hovering cases, the power requirements

were similar whereas it was relatively large at high speed forward flight case.

Tuncer and Kaya [29] performed a numerical study to show that the flapping airfoils
in biplane configuration can produce 20% to 40% more thrust than a single flapping
airfoil. In a following study, Kaya et al. [30] performed a study to optimize the
flapping motion parameters such as pitching and plunging motion amplitudes, phase

shift between two motion and frequency of the motion. They acquired the numerical



solutions by solving the Navier-Stokes equations on moving and deforming overset
grids. They observed that the efficiency of biplane configuration could be further
increased by flying at Strouhal numbers between 0.17 and 0.25. Tuncer and Kaya
[31] also performed a study on the numerical optimization of the amplitude of the
flapping motion and the phase shift between pitching and plunging motion for
maximizing the thrust and the efficiency of a single flapping airfoil undergoing a
sinusoidal combined pitch-plunge motion. They concluded that high values of thrust
and efficiency of single flapping airfoils could be obtained by preventing the

formation of the large scale Leading Edge Vortices (LEVS).

The effect of vertical translation amplitude and Reynolds number on an SD7003
airfoil undergoing figure-of-eight type hovering motion was studied by
Glinaydinoglu and Kurtulus ([32], [33]). The incompressible, two-dimensional,
constant property Navier-Stokes equations were solved for the numerical simulation
of the problem. From the results of the numerical simulations performed, it was
observed that vortices became stronger as the vertical translation amplitude
increased. On the other hand, the increase of the vertical translation amplitude did
not make the mean lift coefficient values to increase too. They figured out that the
most efficient value of the mean lift coefficient was obtained when the vertical
translation amplitude was equal to 0.5.

In their other studies, Glnaydinoglu and Kurtulus ([34] - [36]) studied the effect of
Reynolds number, flapping kinematics, reduced frequency and airfoil geometry on
the aerodynamics of a flapping airfoil undergoing pure plunge and combined pitch-
plunge motions in forward flight by solving URANS equations on deforming grids.
They observed that the lift was mainly produced by the dynamic stall of the airfoil at
Reynolds numbers ranging from 10* to 6x10*. They also noted that geometry of the
airfoil and reduced frequency affects the strength and duration of the leading edge

vortex generated.



2.2 Experimental Approaches

By the help of the technological improvements in science and technology, scientist
started to analyze the physics of flapping flight experimentally by using
comprehensive techniques such as Particle Image Velocimetry (P1V), Digital Particle

Image Velocimetry (DPIV), Laser Doppler Velocimetry (LDV) and so on.

In 1981, Maxworthy [37] investigated the flapping motions of insects in forward
flight and in hover conditions. He studied the hovering motion in four categories
such as the normal hovering, where the wing stroke plane is nearly horizontal, the
clap-fling mechanism, discovered and named by Weis-Fogh [38] and studied in
detail by Lighthill [39], inclined wing stroke plane and vertical wing stroke plane,

discussed in some detail by Maxworthy [40] and Ellington [41].

Freymuth [42] experimentally studied the combined pitch-plunge motion of a thin
flat plate having rounded edges in hover. His main aim was to investigate the thrust
generation mechanism of this unsteady motion for Reynolds numbers of between 340
and 1700. He defined three different hovering modes for his study such as normal
hovering, water-trading and oblique mode. The experiments were performed by a
flow field visualization method so called titanium-tetra-chloride method. He used
pitot tubes to measure the thrust coefficient. He concluded that reverse Karman
Vortex Street observed in normal hovering motions was more powerful than other

two hovering modes resulting to the production of larger thrust coefficient values.

In another study, Koochesfahani [43] investigated the vortex patterns in the wake of
the NACAO0012 airfoil undergoing a pitching motion at small amplitudes.
Experiments were performed in a low-speed water channel using a single-channel,
frequency-shifted LDV system. As a result of this study, it was concluded that
frequency, amplitude and shape of the motion significantly affects the structure of

the vortices behind the oscillating airfoil. Furthermore, existence of an axial flow



was observed in the core regions of the wake vortices. From the results obtained, it
was noticed that the magnitude of this axial flow increases linearly as frequency and
amplitude of the motion increases.

The experimental investigation of four important parameters, namely the position of
the rotational axis, the rotational speed, the angle of attack of the stroke and the
length of the stroke, affecting the aerodynamic performance of a wing profile
undergoing a combined pitch-plunge motion was performed by Dickinson [44].
During the experiments, a dynamically scaled aluminum wing model having a
thickness of 2%, a span of 0.15 m and a chord of 0.05 m was used in an aquarium
filled with 54% sucrose solution. The flow is seeded with aluminum particles and
flow phenomenon was recorded by a video tape. In another study, Dickinson et al.
[45] performed an experimental study in a mineral oil tank using dynamically scaled
3-D mechanical model of a dragonfly equipped with a 2-D force transducer for the
investigation of the interaction of delayed stall, rotational circulation and wake
capture at Reynolds number of about 136. Flow visualizations were done by DPIV
method. They concluded that rotational circulation and wake capture were

responsible for the peaks observed in the rotational lift history.

Anderson et al [46] performed some tests to measure the forces and to visualize the
flow around a harmonically oscillating foil at zero average angle of attack. They
figured out that optimum thrust was produced at different conditions such as Strouhal
numbers of between 0.25 and 0.4, maximum angle of attack values of between 15°
and 25°, large amplitudes of heave motion-to-chord ratio.

A comprehensive experimental study on the wake characteristics of sinusoidally
plunging NACAO0012 airfoil for a range of free stream velocities, frequencies and
plunging amplitudes is conducted by Lai and Platzer [47]. In this study, water tunnel
flow visualization experiments were performed to measure the stream-wise velocity
field downstream of the airfoil for a total of 54 test cases using a single-component
LDV system. It is concluded from the dye visualizations performed that when the

non-dimensional plunging velocity (kh), the ratio of maximum plunging velocity to

10



free stream velocity, is less than 0.2, thrust-producing vortex formations are observed
behind the airfoil whereas drag-producing vortex formations are observed when it
exceeds 0.4. Moreover, an increase in the thrust coefficient is observed as kh

increases and it becomes positive for values of kh greater than 0.36.

2-D biomimetic, flapping-pitching wings were studied by Singh et al. [48]
experimentally using laser sheet visualization method. The Reynolds number was
about 15000 during the study. A CCD camera was used to capture the instantaneous
flow field images. The flow was seeded by vaporizing a mineral oil into a dense fog
for the visualization of the test section. Results showed that thrust values of all

studied wings decreased at high frequencies.

Schouveiler et al. [49] experimentally studied the propulsive performance of an
aquatic propulsion system revealed from the thunniform swimming mode, which
tuna and shark perform. It is explained as “thunniform swimming depends on a large,
lunate tail that is joined to the rest of the body via a narrow peduncle. Whilst the tail
flicks backwards and forwards, so propelling the animal, the rest of the body hardly
moves sideways.” in Ref. [50]. By this study, they aimed to investigate the effects of
Strouhal number and angle of attack on the thrust and the hydro-mechanical
efficiency. The flapping motion considered was a combined pitch-plunge motion.
The experiments were performed at a fixed value of Reynolds number and of the
plunging amplitude for a variety of test cases. They identified a flapping motion
parameter range where the thrust and the hydro-mechanical efficiency values are
high enough to be used in a propulsion system.

Lehmann et al. [51] performed a set of experiments using a 3-D DPIV system in
order to investigate the clap-fling motion of the dynamically scaled mechanical
model of small fruit fly in the Reynolds number range of 100 to 200. In a later study,
the effect of vertical translation amplitude on the aerodynamic forces and moments
was investigated by Lehmann and Pick [52]. The experimental model used was a
dynamically scaled electromechanical fruit fly wing performing a clap-fling

mechanism. The experiments were performed for 17 different hovering motion cases

11



differing only in vertical plunging amplitude. The frequency, geometric angle of
attack and horizontal plunging amplitude of the motion were identical for each case.
They figured out that the pitching moments are independent from the vertical force
whereas the mean pitching moment increases nearly 21% with the clap-fling
mechanism of the airfoil. It was also concluded that the forces produced does not
affect the vertical for augmentation mainly due to the wing rotation at the reversals

and wake capture mechanisms.

Instantaneous 3-D velocity field data around a dynamically scaled robotic flapping
wing was measured by Poelma et al [53]. They performed 3-D Stereoscopic PIV
experiments in a mineral oil tank at a Reynolds number of about 256. Impulsive start
and simplified flapping motion cases were studied. Instantaneous 3-D velocity field
data around a flapping wing was measured quantitatively for the first time in this
study. They used this data then to predict lift and drag values. Flow visualizations
were found similar to those reported in recent papers in terms of leading edge vortex
structure. Yet, they observed stable pair of counter clockwise rotating vortices

instead of a single strand of vorticity as reported in recently published papers.

Tian et al. [54] performed PIV measurements on the flight of lesser short-nosed fruit
bats in an enclosed flight cage to understand the kinematics of the motion of these
animals during straight and turning flights in a Reynolds number range of 10 to 10°.
The flow is seeded using a fog generator. They took high speed stereo images and
measured the wake velocity field behind the bat. Results showed that wing motion
was quite complex, including a sharp retraction of the wing during the upstroke and a
broad sweep of the fully extended wing during the downstroke, at relatively slow
flight speeds. Moreover, flight of the bat was oscillatory and in a synchronized
fashion with the movement of the wing in both the horizontal and vertical planes.

Daichin et al. [55] experimentally studied the near-wake flow of a NACAO0012 airfoil
located above the water surface to investigate the effect of free surface on the vortex
structure behind the airfoil. Experiments were performed in a small-scale wind/wave

tunnel having a test-section of 1.7 m x 0.4 m x 0.4 m for different ride height values

12



between the airfoil and the water surface at a Reynolds number of about 3.5x10°.
Instantaneous velocity field data were acquired by PIV measurements. The results
showed that the flow structure behind the airfoil was strongly influenced by the
change in the ride height. It was noted that as the ride height decreases, an upstream

shifting of the separation point from the airfoil surface was observed.

Ol [56] experimentally investigated the unsteady aerodynamics of an oscillating
SD7003 airfoil using a 2-component (pitch and plunge, arbitrary waveform and
phase) electric rig in a free-surface water tunnel. Flow was seeded with dye injection
and PIV measurements are done to collect the velocity field data. He investigated a
parameter space of Reynolds number and reduced frequency for a flapping motion
having unequal pitching and plunging frequencies and for a linear ramp motion. He
found that Reynolds number has not a significant effect on the investigated cases. He
also noticed that as the reduced frequency increases the persistence of the newly

starting vortex near the trailing edge of the airfoil increases too.

An experimental study for characterizing the evolution of the unsteady vortex
structures behind a root-fixed flapping wing to provide useful information for the
development of Nano Air Vehicles (NAVs) was performed by Hu et al. [57]. The
experiments were carried out in a low-speed wind tunnel using a miniaturized
piezoelectric wing having a chord length of 12.7 mm. Phase-locked and time-
averaged velocity field measurements were done by a DPIV system. The Reynolds
number and Strouhal number of the studied cases were 1200 and 0.33, respectively.
The results showed that the half of the flapping wing close to the root was drag
producing whereas the other half of the flapping wing was thrust producing. In
addition, it was concluded that the flapping wing would also produce lift if it was
mounted initially with a positive angle of attack.

Recent advances in the experimental and numerical studies of unsteady flapping

motion with applications to Micro Air Vehicle designs were also analyzed and
presented by Platzer and Jones in Ref. [58].
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2.3 Comparative Studies: Numerical vs. Experimental Approaches

There are many researches in the available literature related to the comparison of
numerical and experimental studies conducted for the investigation of flapping wing

motion for various aims. This particular section discusses some of these studies.

In one of their study, Jones et al. [59] conducted a low speed water tunnel flow
visualizations using a two-color dye together with the LDV method and numerical
simulations using an unsteady panel code to investigate the wake structures behind
the oscillatory plunging airfoils. In this study, comparisons were made between the
numerical and experimental wake structures produced. It was observed that the
vortex locations obtained from the experiments show similarities with those obtained
from the numerical study for low amplitude motions whereas for motions having
large amplitudes and frequencies, the results of two studies were differed from each
other. On the other hand, in terms of wake characteristics, the experimental and

numerical results were agreed well with each other in high frequency motions too.

In another study of them, Jones et al. [60] investigated the Knoller-Betz or Katzmayr
effect, known as the ability of a sinusoidally plunging airfoil to produce thrust [17],
numerically and experimentally. They conducted water tunnel experiments for the
visualization of the flow. Water-soluble food coloring was used for the flow
visualizations while the instantaneous flow field data were acquired by the LDV
technique. Numerical simulations were performed using a previously developed
inviscid unsteady panel code utilizing a nonlinear wake model. Vorticity structures
and instantaneous velocity profiles in the wake were then compared. As a result of
comparisons made, a good agreement was obtained between the experimental and
numerical studies over a wide range of reduced frequencies and Strouhal numbers.
They also observed deflected vortex patterns resulting to an increase in both the
average thrust and average lift at Strouhal numbers greater than 1.0. This

phenomenon was observed in both the experimental and numerical results.

14



The investigation of flapping propulsion in ground effect was performed by Jones et
al. [61] by means of experimental and numerical studies. The main aim of the study
was to show that significant performance advantages are gained by flying in ground
effect in terms of thrust and efficiency. To achieve this aim, a high aspect-ratio bi-
plane wing model was designed and then tested both qualitatively and quantitatively.
Experiments were performed in a low speed water tunnel. The flow was visualized
with a smoke-wire. Instantaneous flow measurements were done by the LDV method
while thrust measurements were done directly. The numerical simulations were
performed using a 2-D unsteady inviscid panel code with a deforming wake model
and a 2-D unsteady compressible Navier-Stokes solver with a three-block deforming
grid. The results of these two studies were then compared in terms of thrust values
and wake structures produced by the motion in consideration. As a result of the

study, a strong Reynolds number dependence of the flow was observed.

Moreover, Wang et al. [62] performed a detailed study of a sinusoidally pitching,
about its span-wise axis, and plunging, along a horizontal stroke plane, generic wing
in hover to investigate the unsteady flow phenomena and compare the 2-D numerical
computations with the 3-D experiments for a variety of test cases corresponding to
flapping motion kinematics. Fourth-order finite difference scheme of Navier-Stokes
equations in vorticity-stream function formulation were solved for the 2-D numerical
simulation of the flow around a thin airfoil having an elliptical cross-section. The
3-D experimental visualization of the flow over a dynamically scaled robotic fly was
done using a DPIV system. Lift and drag forces of this wing model were calculated
by measuring the perpendicular shear forces exerted on the wing surface by a 2-D
force sensor located at the base of one arm of the wing model. The working fluid was
oil seeded with air forced through a ceramic water filter stone. As a result of the
study, 2-D and 3-D aerodynamic forces were found to be very close to each other for
advanced and symmetrical rotation cases whereas in delayed rotation case, they
differed from each other by means of a phase shift between the computed and the

measured lift.
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In a comprehensive study of her, Kurtulus [63] conducted a study on the hovering
motion of a symmetrical NACAOQ012 airfoil in order to investigate the aerodynamic
phenomena and vortex topology during the different phases of the flapping motion
by means of numerical, experimental and analytical studies. The 2-D numerical
simulations were performed for numerical visualization of the experiments,
identification of the vortices generated, and calculation of the aerodynamic force
coefficients using a Direct Numerical Simulation (DNS) code. The experiments were
carried out in a water tank of 1.5 m x 1.0 m x 1.0 m in size using two different ways
of visualization methods: laser sheet visualizations and PIV measurements. Results
of the numerical and experimental studies were then analyzed and compared with
each other in order to understand the physics of vortex formations during the
different phases of the considered hovering motion and investigate the unsteady
effects generated as a result of these vortices on the airfoil by means of aerodynamic
force coefficients and pressure distribution. Being the last aim of this study, an
analytical model was developed with the Duhamel Integral and using Wagner and
Kissner functions. The model developed was found good enough for the angles of
attack up to 30° in terms of aerodynamic force coefficients calculated. Yet, it was
found to be poor for giving the correct results for higher angles of attack values
mainly due to the lack of ability of the model developed for the consideration of the

interactions of the vortices.

An experimental and numerical investigation of the flow around a sinusoidally
plunging NACAO0012 airfoil was investigated by Percin et al. [64] at a Reynolds
number of about 5000 for different values of reduced frequency and amplitude of the
motion. Flow visualizations were done by electrolytic precipitation method while the
instantaneous velocity field data was acquired by DPIV measurements. Commercial
CFD software Fluent was used for the numerical simulation of the experiments. As a
result of the experiments and numerical simulations, it was found that propulsive
efficiency and thrust coefficient was affected by the interaction of the leading edge
and the trailing edge vortices. Moreover, in case of a sharp leading edge, the strength

of the leading edge vortex increased resulting to a more energetic wake.
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Ol et al. [65] conducted water tunnel experiments using a PIV system and compared
the results obtained with 2-D viscous vortex particle method computations to
investigate pitching motion of a flat-plate with rounded edges in forward flight. They
concluded that the strength of the LEV decreases and a CCW rotating TEV is
produced as the pitching rate increases. They noticed that the location of the pivot
point strongly affects the size and formation of the LEV. They obtained similar
results from the experiments and numerical studies in terms of vorticity fields at
Reynolds number of 10000. Computing the lift numerically for Reynolds numbers of
100 and 1000, they found that it is directly proportional to the pitching rate during
the upstroke. The results of this study was also included and compared with other
studies in Ref. [5].

More recently, Hizli and Kurtulus [66] performed numerical and experimental
studies on SD7003 and NACAO0012 airfoils undergoing a sinusoidally pure pitching
and pure plunging motions in hover in order to investigate the aerodynamics
phenomena and vortex topology of these airfoils and to observe the performance of
the newly built experimental setup for future applications. 2-D, unsteady,
incompressible and constant property Navier-Stokes equations were solved over a
C-type moving grid for the numerical visualization of the flow field. The
experimental visualizations were performed in a small-scale water tank by using the
PIV technique. The flow was seeded with silver coated hollow glass sphere particles.
Their study emphasized that an agreement between the numerical and experimental
results was obtained in terms of vortex formations behind the airfoils. In their
previous study, Hizli and Kurtulus [67] studied the unsteady aerodynamics of purely
pitching SD7003, NACA0012, 10% thick elliptical and 10% thick flat plate by
means of experimental and numerical studies in hover. They analyzed and compared
the results of each case in terms of velocity magnitudes in the horizontal and vertical
directions and vortices. It was observed that the experimental results agreed well
with the numerical results. A comparison of the numerically calculated mean

aerodynamic force coefficients of the studied cases was also made.
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CHAPTER 3

NUMERICAL METHOD

The entire study consists of the investigation of three different hovering types of
flapping motion, namely pure pitch, pure plunge and combined pitch-plunge, of four
different airfoils having a chord length of 0.06 m, namely SD7003, NACA0012, 10%
thick elliptical and 10% thick flat plate, performed at very low Reynolds numbers
(ranging from 98 to 1126) where the flow is assumed to be fully laminar. Therefore,
the numerical results are acquired by solving the unsteady, incompressible and
constant property Navier-Stokes equations. For all studied cases, the computations
are performed at zero free stream velocity since the hovering case of flapping motion
is under investigation. In the present study, commercially available CFD package
program Fluent v6.3.26 is chosen as the numerical tool and used on moving 2-D and

3-D grids with finite-volume methods [68].

3.1 Governing Equations

The governing equations of hovering motion are the incompressible and constant
property Navier-Stokes equations as stated before. Throughout the study, the mass of
the airfoil is neglected and therefore, the body force term is dropped from the
governing equations [14]. Then, the Navier-Stokes equations with the continuity

equation are given as follows;

18



2 U =0 (3.1.1)

2
9y + 2 yy, = LR,y (3.1.2)
ot OX; pox  OX

where X; is the i"" component of the position vector, U; is the velocity component in
i™ direction, t is the time variable, p is the density of the flow, p is the pressure and »

is the kinematic viscosity of the flow.

3.2 Flow Field Description

In the present study, due to the nature of the simulation, the transient (or unsteady)
calculations are carried out on moving 2-D and 3-D computational grids by the
pressure-based finite volume solver for the computation of 4000 iterations with a
time step size of 0.025 s, which allows a full simulation of 100 seconds of flapping
motion, i.e. 10 periods of flapping motion. First order implicit temporal
discretization, second order upwind spatial discretization and SIMPLE (Semi-
Implicit Method for Pressure-Linked Equations) algorithm for pressure-velocity
coupling for all studied cases are used by Fluent [69]. Moreover, the working fluid is
chosen as water for all studied cases in order to be consistent with the experiments.
The thermo-physical properties of the working fluid water at ambient conditions of
20°C are specified in Table 3.2.1 [70].

Table 3.2.1 Thermo-physical properties of the working fluid water.

Property Unit Value
Temperature (T) [°C] 20
Density (p) [kg/m®] 998.2
Dynamic Viscosity (u) [kg/m:s] 1.003x10°®
Kinematic Viscosity () [m?/s] 1.004x10°®
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3.3 Computational Grid and Boundary Conditions

In the present study, the desired modes of hovering motion are implemented by
moving the whole computational grid domain since the free stream velocity is zero in
hovering flight [71]. In other words, the computational grid translates/rotates
along/around the coordinate system according to the desired flapping motion
definitions. For this, a C-type structured 2-D grid domain having 128000
quadrilateral cell elements (fine grid domain) generated in commercial grid
generation software Gambit 2.4.6 is used. There are 256 grid points on the airfoil
surface. 20 grid points normal to the flow direction is placed in order to resolve the
boundary layer. The first normal grid point is located at 10° m from the airfoil
surface. The boundaries of the computational grid are at 12 chords in downside
direction, 8 chords in upside direction and 9 chords in downstream and upstream

directions (see Figure 3.3.1).

Figure 3.3.1 2-D fine computational grid domain (left) and its distribution around the
NACAOQ012 airfoil (right).
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In addition, a C-type 2-D grid domain having 7384 quadrilateral cell elements
(coarse grid domain) is also constructed for SD7003 and NACAQ012 airfoils in order
to study the effect of domain resolution difference between the CFD and PIV
calculations. The number of elements used to construct this grid domain is decided
such that they are close enough to the number of elements existing in the velocity
field of the PIV visualizations, 7326 (99 x 74) in the present study. In this grid
domain, the airfoil surface has 104 grid points. The boundary layer is resolved by
placing 8 grid points normal to the flow direction. The first normal grid point is
located at 10 m from the airfoil surface. The sizes of the boundaries of the coarse
computational grid are the same with the fine grid domain previously mentioned. A

schematic illustration of the coarse grid domain is given in Figure 3.3.2 below.
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Figure 3.3.2 2-D coarse computational grid domain (left) and its distribution around
the NACAO0012 airfoil (right).

The outer boundaries of the 2-D grid domains are defined as the pressure outlet
boundary condition. The standard air pressure is assumed to be the far-field pressure

[63]. Moreover, no-slip wall boundary condition is implemented on the airfoil
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surface. Any boundary condition is not applied on the wake of the airfoil. The fine
and coarse grid domains for all airfoils considered are similar to the domains shown
in Figure 3.3.1 and Figure 3.3.2, respectively. Hence these grid domains are

representative for all airfoils.

In order to study the three-dimensional effects for the baseline cases, a 3-D
computational grid domain for wing models having SD7003 and NACAO0012 airfoil
is also constructed using 1850000 tetrahedral/hybrid cell elements. The size of the
grid domain is identical with the size of the water tank used in the experiments, i.e.
0.8 m x 0.4 m x 0.4 m. The wing models used in this domain have a chord length of
0.06 m and a span of 0.13 m, which is the part of the wing model under water during
the experiments. As in the case of 2-D grid domains, wing surface is set to have no-
slip wall boundary condition. The outer boundaries of the 3-D grid domain are
defined in such a way that the computational grid domain simulates the water tank
used in the experiments. In other words, pressure outlet boundary condition is
applied in upper side of the outer boundary and no-slip wall boundary condition is

applied in all other sides of the outer boundary.

Figure 3.3.3 3-D computational grid domain (left) and its distribution around the
wing model having SD7003 airfoil (right).
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3.4 Grid and Time-step Refinement Studies

For all studied 2-D cases, in order to obtain grid and time-step independent
numerical solutions, grid and time-step refinement studies are carried out. The
refinement studies are carried out for 2-D fine grid domain cases only. In Figure
3.4.1, the results of grid and time-step refinement studies for purely pitching
NACAQ0012 airfoil in terms of lift and drag coefficient distributions over three
periods of motion are shown. It should be noted that the refinement studies are
carried out for each type of hovering motion considered. Yet, only the results of the
purely pitching (2,=30°) NACAO0012 airfoil are presented since the results of the

refinement studies of each studied case are found to be very similar with each other.

For the grid independency study, three C-type 2-D structured grid domains having
63000, 128000 and 246000 cell elements are considered. As it can be seen in Figure
3.4.1 (top), similar results are obtained from each grid domain in terms of C, and Cp
variations. In terms of vortex field generated and aerodynamic force and moment
coefficients calculated, similar results are obtained from grids having 128000 and
246000 cell elements. However, it is observed that the vortices diffuse quicker and
some discrepancies in convergence histories of aerodynamic force and moment
coefficients occur in case of grid having 63000 cell elements. As a result of grid
independence test, a grid having 128000 cell elements is chosen to be sufficiently

fine to have grid independent solution.

The time-step independency study is performed for four different time-step size (At)
values such as 0.05 s, 0.025 s, 0.02 s and 0.0125 s, corresponding to 200, 400, 500
and 800 time-steps, respectively, over one period (T) of motion. As it can be seen in
Figure 3.4.1 (bottom), very similar C_ and Cp distributions are obtained from the
cases having time-step sizes of 0.025 s, 0.02 s and 0.0125 s. Considering also the
CPU time spent for the calculations, 400 time-steps over one period of motion is

found to be enough to be used for further studies.
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The numerical studies are carried out on a quad-core personal computer having an
AMD processor of 3.4 GHz of CPU speed and 8 GB of RAM. It is observed that the
CPU time spent for the grids having different number of cell elements is moderately
close to each other but it varies for the cases having different time-step sizes while
the grid sizes are the same. The CPU time spent for calculations played an important
role for choosing the time-step for further studies. It is observed that about 8 hours of
CPU time is spent for the calculation of 4000 iterations for a grid domain having
128000 elements and T/At=400. On the other hand, it is about 10 hours for a grid
domain having 128000 elements and T/At=500.
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Figure 3.4.1 Time histories of lift and drag coefficients with different grids (top) and
with different time-steps (bottom) for purely pitching (¢a=30°; k=3.8) NACA0012
airfoil over three periods of motion.
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3.5 Hovering Kinematics

Hovering motion is defined as the flapping motion where there is no free stream
velocity exist [63]. The present study is related to the investigation of three different
modes of hovering motion, namely pure pitch, pure plunge and combined pitch-
plunge. The first one, pure pitch motion, is defined as the rotational motion around a
pivot point. In this study, the pivot point is chosen to be the quarter-chord location of
the airfoil from its leading edge [72]. The axial displacement of the pivot point is
zero in this case. Pure plunge motion is defined as the translational motion of the
airfoil in the horizontal direction (x-direction) [66]. In this case, the angular
displacement of the pivot point is zero. And combined pitch-plunge motion is
defined as the motion composed of the superposition of the rotational motion around

the pivot point and the translational motion in the horizontal direction [42].

Each investigated hovering motion is divided into four temporal regions. The first
and third regions correspond to the first and second half of the downstroke,
respectively. On the other hand, the second and the fourth regions represent the first
and second half of the upstroke, respectively. Figure 3.5.1 shows the schematic

description of the each hovering motion considered in one period.

Pure pitch, pure plunge and combined pitch-plunge motions investigated in the

present study are described with the following sets of equations, respectively:

X(t) 0
y(t) |= 0 (3.5.1)
a(t) o, sin(wt)

X(t) X, sin(wt)
y(t) |= 0 (3.5.2)
a(t) 0
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X(t) X, sin(wt)
y(t) |= 0 (3.5.3)
a(t) a, sin(wt)

In the above equations, x(t) is the instantaneous horizontal position of the airfolil, y(t)
Is the instantaneous vertical position of the airfoil, a(z) is the pitch angle variation
with respect to the pivot point. x, is the horizontal plunging amplitude in meters, a, is
the pitching amplitude in radians. w is the angular frequency, w=2xf, where f is the

frequency of the sinusoidal oscillation, and t is the time variable.

In this study, f is chosen as 0.1 Hz; X, is chosen as 0.01 m, 0.02 m and 0.03 m; and

g is chosen as 7/18, /6 and n/4 radians, i.e. 10°, 30° and 45°, respectively.
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Figure 3.5.1 Schematic description of the investigated hovering motion cases:
[a] pure pitch motion, [b] pure plunge motion, [c] combined pitch-plunge motion.
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The axial velocity in the horizontal direction (x-direction), u(t), the axial velocity in
the vertical direction (y-direction), v(t), and the angular velocity, w(t), with respect to
the pivot point, are then defined as the time derivatives of x(t), y(t) and a(?),
respectively. For all studied cases, since there is no translational motion in the
vertical direction, axial velocity in this direction is zero. The axial and the angular
velocities for pure pitch, pure plunge and combined pitch-plunge type of hovering
motion cases are defined by the following sets of equations, respectively:

u(t) 0
v(t) [= 0 (3.5.4)
o(t) or,Wcos(wt)

u(t) X, Wcos(wt)

v(t) |= 0 (3.5.5)
o(t) 0

u(t) X, Wcos(wt)

v(t) |= 0 (3.5.6)

o(t) or,Wcos(wt)

The prescribed modes of hovering motion are implemented to the CFD solver via
User Defined Functions (UDFs). The axial and the rotational velocities of the airfoil

around its quarter-chord location are the inputs of the UDF subroutine [69].

3.6 Significant Non-Dimensional Parameters

Reynolds number (Re) and reduced frequency (k), which have significant importance
regarding to the flow dynamics, are two non-dimensional similarity parameters
commonly used in flapping wing aerodynamics [14]. The ratio of the inertial forces
to the viscous forces in fluid flow is represented by Reynolds number. On the other
hand, the residence time of a fluid particle travelling over the chord of the airfoil

compared to the period of flapping motion is described by reduced frequency [7].
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Definitions of the Reynolds number and the reduced frequency are given by the

following equations, respectively:

Uref -C
Re=—" " (3.6.1)
1y
Ww-C
k= 3.6.2
20 (3.6.2)

In the above equations, v is the kinematic viscosity of the fluid, 1.004x10® m?/s for
water, c represents the chord length of the airfoil, 0.06 m. w is the angular frequency,
w=2xf, and Uy IS the reference velocity.

In hovering flight, since there is no free stream velocity exists, the reference velocity
Urer IS defined, in the present study, as the maximum velocity at the leading edge of
the airfoil and it is given by the following equation ([14]):

U = \/x(t)z +y(t)? +(d(t4)’cj (3.6.3)

max

From the above equation, the reference velocity U, for pure pitch, pure plunge and

combined pitch-plunge motions is then obtained as seen in Table 3.6.1.

Table 3.6.1 The reference velocity definitions for the investigated cases.

Pure Pitch Pure Plunge  Combined Pitch-Plunge

a

2
C
Ut lmis] — w-5-a, W, W x2+(%-aaj

The reference velocity, Reynolds number (Re) and reduced frequency (k) values of
investigated test cases are given in Table C.3, in Appendix B section of the thesis.
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3.7 Definition of the Vorticity

In this study, vorticity, which describes the local rotational motion of a fluid particle,
is defined as the curl of the velocity field. The vorticity is expressed by the following
equation [63]:

w=VxU (3.7.1)
In the above equation, U represents the velocity vector.
In the present study, since all discussions are made based on the 2-D results obtained,

only z-component of the vorticity vector is interested. Knowing this fact and carrying

out the cross product operation, the vorticity takes the following form:

5 :5:[@_5_“}& (372)

3.8 Calculation of the Aerodynamic Force and Moment Coefficients

To quantify the flow characteristics, in the present study, lift, drag and moment
coefficient per unit span calculations are done numerically according to the following

equations, respectively:

(3.8.1)

C, = (3.8.2)
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M
C, = (3.8.3)
M %_pw‘urefz.cz

In the above equations, p., stands for the density of the flow, 998.2 kg/m® for water.
c is the chord length of the airfoil. L, D and M represent the lift force, drag force and
moment created by the lift and drag forces at the pitching axis, respectively. It should
be noted that the lift forces, drag forces and moments are calculated with respect to

the axis orientation represented in Figure 3.5.1.

Mean aerodynamic force and moment coefficients are then calculated as the time
average of instantaneous values over the one period of motion. In the present study,
these coefficients are calculated for the sixth period of the motion, where the
impulsive effects of the motion have been observed to disappear and periodical
motions are obtained ([63], [66]). Mean aerodynamic force and moment coefficients

are calculated by the following equations, respectively:

t+T

— 1
Co=x Tj C_(t)dt (3.8.4)
- 1 t+T
Co=1 Tj C, (t)dt (3.8.5)
- 1 t+T
Cu=7 Tj C,, (t)dt (3.8.6)

3.9 Calculation of the Total Force

For the cases investigated, the instantaneous total forces are calculated numerically
as the sum of the pressure and shear forces exerted on the airfoil [63]:

Froa =F pressure + F shear (3.9.1)
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3.10 Test Cases

Test cases investigated in the present study, which are composed of four different
airfoils, namely SD7003, NACAO0012, 10% thick elliptical and 10% flat plate,
undergoing three different modes of hovering motion, pure pitch, pure plunge and
combined pitch-plunge having different pitching and plunging amplitudes, are
tabulated in the following table. Since the present study is mostly focused on the
flapping motion of the SD7003 and NACAOQ012 airfoils, low amplitude cases of

other two airfoils are not studied.

Table 3.10.1 Test cases investigated during the study.

Airfoil 10% Thick 10% Thick
Sy SIDHEE AR Elliptical Flat Plate
0, = 10° 0a = 10° - -
Pure Pitch 0 = 30° 0a = 30° 0a = 30° oa = 30°
0 = 45° 0a = 45° 0a = 45° 0a = 45°
Xa=0.01m Xa=0.01m Xa=0.01m Xa=0.01m
Pure Plunge Xa=0.02m Xa=0.02m Xa=0.02m Xa=0.02m
Xa=0.03m Xa=0.03m - -
o, = 10° o, = 10° )
Xa=0.01m Xa=0.01m
a,= 10° oy = 10° )
Xa=0.02m Xa=0.02m
0 = 30° oa = 30° 0a = 30°
Pitch-Plunge 0, = 30° 0, = 30° o, = 30°
Xa=10.02m Xa=0.02m Xa=10.02m
0 = 45° a, = 45° a, = 45°
Xa=0.01m Xa=0.01m Xa=0.01m
0q = 45° 05 = 45° 0a = 45°
Xa=0.02m Xa=0.02m Xa=0.02m
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Among the above mentioned test cases, six baseline test cases corresponding to the
pure pitch, pure plunge and combined pitch-plunge motions having two different
pitching and/or plunging amplitudes are chosen in order to analyze these baseline test
cases in more detail. It is mainly aimed to investigate the three-dimensional effects
and the effects of domain resolution difference between the CFD simulations and
PIV visualizations by these baseline cases. The baseline studies are decided to be
carried out for SD7003 and NACAO0012 airfoils only since these airfoils are more
commonly used in the flapping motion related researches in the literature. In Figure
3.10.1, the parameter space considered and baseline test cases decided, denoted by
blue triangles, are given. The reduced frequency, k, and Reynolds number, Re, values

corresponding to each test case are also shown in this figure.

45 A
k=25 k=118 k=13
- Re=M2 .. Re=S580. i Re=872. b
30F-- A A .......................... A ..................
[ k=338 k=24 k=14 ;
D [E.Re=295. ... RemATT. Re=807 . . o
v -
L=
T L R Ee
10F
k=115 k=29 k=
- Re=98 ... Re=388 ... .. Re=T5T b
OF A A A
- k=i3.0 k=15 k=10
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Figure 3.10.1 The parameter space considered and baseline test cases, denoted by
blue triangles.
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CHAPTER 4

EXPERIMENTAL METHOD

In the literature, different experimental techniques are used in order to collect the
instantaneous velocity field data of the flow around a rigid body. Hot-Wire, Laser
Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV) are the ones that
are most commonly used for this purpose. However, it can be a time consuming and
difficult work to gather the time dependent velocity field by Hot-Wire and LDV in
an experiment since these methods are lack of the ability of measuring the whole
velocity field simultaneously [73]. PIV, a laser-based, non-intrusive velocity
measurement method, is a better alternative over others and capable of measuring the
instantaneous velocity field in steady and unsteady flows [72]. Therefore, in the
present study, PIV technique is chosen to be used for performing the instantaneous
flow field measurements of the flow around the aforementioned airfoils undergoing
sinusoidal pure pitch, pure plunge and combined pitch-plunge motions in hover.

4.1 Experimental Setup

The experimental setup used throughout the present study mainly consists of a small-
scale water tank filled with water, a computer controlled positioning system allowing
the translational and the rotational motions of the wing model and a PIV system
composed of a dual-pulse laser and a CCD camera. The schematic illustration of the

experimental setup used in the present study is shown in Figure 4.1.1.
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Figure 4.1.1 The schematic illustration of the experimental setup.

4.1.1 Wing Models Considered

Four different rectangular wing models having SD7003, NACA0012, 10% thick
elliptical and 10% thick flat plate airfoils made of transparent Plexiglas material are
used in the experimental part of the thesis in order to be consistent with the
numerical studies (see Figure 4.1.2). The wing models considered have a chord
length of 0.06 m and span of 0.25 m. The edges of the wing model having flat plate

airfoil are rounded in order not to have massive flow separations around it [67].

The center of rotation of each wing model is fixed at the quarter chord location, from
their leading edges, in order to match with the numerical studies. Moreover, the test
section, i.e. the illuminated plane, is located at the half of the span that is inside the
water for all experiments carried out. In the present study, the span that is inside the
water is 0.13 m for each investigated wing model. Hence, the laser sheet crosses the
each wing model at 0.065 m from the water surface.

34



10% thick Flat Plate

10% thick Elliptical

|

NACA0012

SD7003

|

SD7003

A
v

0.06 m Plexiglass Wing Models

Figure 4.1.2 Wing models with different airfoils considered.

4.1.2 The Water Tank

The experiments are carried out in a small-scale water tank in the Aerodynamics
Laboratory at the Department of Aerospace Engineering of METU. This isa 0.8 m x
0.4 m x 0.4 m (length x width x height) water tank made of transparent Plexiglas
material. The water tank is filled with purified water in order not to have unwanted
particles inside the water during the experiments. Purification process is carried out

by filtering the tap water mechanically with a water purifying equipment.

4.1.3 Definition of the Flow

The experiments for all studied cases, described in detail in Section 3.5, are carried
out in zero free stream velocity due to the nature of the hovering motion. This means
that a steady flow in the water tank should be achieved at the beginning of each
experiment. In order to guarantee this, for each investigated case, a minimum of
fifteen minutes is waited before starting to the following experiment [63].
Afterwards, the flow in the water tank is observed whether it is steady or not.
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4.1.4 The Positioning System

A positioning system is placed on top of the water tank to give the intended motion
to the wing models. The schematic illustration of the positioning system is shown in
Figure 4.1.3. The system is capable of controlling and logging the motion of the wing
models in real-time through a PC installed Data Acquisition Board (DAQ Board) and
MATLAB/Simulink”™ software. DAQ Board serves as the signal acquisition and
command generation electronics onboard the PC. Encoder signals, motor driving
logic and commands are generated on the DAQ Board. The board is also compatible

with the MATLAB/Simulink ™ software enabling real-time implementations.

In the system, the translational motion in the horizontal direction is achieved by the
motion of the first step motor along the rack via the pinion mounted on it. The
rotational motion is controlled by the second step motor mounted to the cart. The
useful rotational motion is 360°. The second step motor is connected to the quarter-
chord locations of each wing model from their leading edges. Both step motors are
driven by pulse width modulation (PWM) signals through commands received from
the controller PC through the DAQ Board.

The period of each hovering motion is set to 10 s and the maximum angular velocity
is then limited as 0.63 rad/s in order to be consistent with the numerical studies.

Rotational
Motion Motor

Linear Bearings
Steel Shaft

Translational
Motion Motor

Motor Pinion

High Precision Rack

Figure 4.1.3 The schematic illustration of the positioning system.
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4.2 Particle Image Velocimetry (P1V)

A Particle Image Velocimetry (PIV) system from Dantec Dynamics [74] is used to
collect the instantaneous velocity field data of the flow round the wind models
considered. A PIV system mainly consists of a high power laser for illuminating the
test section, a camera, a CCD camera in general, for image acquisition and seeding
particles in various types. The general working principle of the PIV method can be
summarized as visualizing the flow by the seeding particles to take double frame
images of a test section illuminated by the laser and then storing these images to the
buffer of the computer for performing an integration analysis later to obtain a unique

velocity field data of the flow.

The detailed explanations of four main requisites for the PIV measurements
performed, namely illumination, seeding, image acquisition and data analysis, are

given in the following sections.

4.2.1 lllumination

An Nd:YAG (Neodymium-doped Yttrium Aluminum Garnet) laser system from
New Wave Research having a maximum power of 200 mJ/pulse is used in the
present experiments in order to illuminate the flow. The power of the laser can be
changed by the control panel located on the laser housing. During the experiments a
power of 120 mJ/pulse is used. Nd:YAG lasers can operate in single or dual pulse
modes [75]. In the present study, dual pulse mode of the laser is used with time
difference of 10000 ps between the two laser pulses. The illumination plane is
arranged in such a way that the laser sheet crosses the wing model from its mid-span
that is inside the water, 0.065 m from the water surface, and it is perpendicular to the

camera.
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4.2.2 Seeding

For seeding the flow, various kinds of seeding particles are used in PIV systems.
Fog, smoke, atomizing glycerin or water/oil mixtures are used for the experiments
carried out in air. On the other hand, fluorescent dyes, hollow glass sphere particles
or silver coated hollow sphere particles are treated as seeding particle in the

experiments with water [76].

Among the alternatives that can be used as a seeding particle in the present study,
namely hollow glass sphere particles and silver coated hollow glass sphere particles,
silver coated hollow glass sphere particles with an average diameter of 10 um are
chosen to be used. They have the advantage of reflecting the laser light better than
the hollow glass sphere particles. However, since they are coated with silver, they are
heavier than the hollow glass sphere particles. In other words, silver coated hollow
sphere particles have a density slightly greater than that of water. Therefore, an error
in the out of plane velocity caused by the gravity appears in the experimental results.
Yet, this error is neglected in the present study since the illumination plane is

arranged horizontally in all studied cases [77].

The concentration of the particles in the water tank is 4.75x10™° g/cm®. The
concentration of the seeding is decided such that no blurred snapshots are taken due
to rich seeding and no flow field regions having lack of velocity information are

obtained as a result of poor seeding [73].

4.2.3 Image Acquisition

In the present study, a FlowSense 2M/E CCD camera having an AF-MICRO-
NIKKOR objective of 60 mm with an aperture setting of f#2.8 is used to take the
snapshots having the instantaneous velocity information of the flow at any instant.

The camera is placed under the water tank perpendicular to the illumination plane.
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The camera operates in synchronized fashion with the Nd:YAG laser. The
synchronization between the CCD camera and the Nd:YAG laser is achieved by a
National Instruments PCI-6601 timer device. Since the Nd:YAG laser used in the
experiments emits green light with a wavelength of 532 nm, a green light filter is
attached to the camera in order to increase the quality of the snapshots taken. Double
frame / double exposure images, which means the scattered lights of the first and the
second illumination are recorded in sequential two frames, respectively [63], are
taken during the experiments. The frame rate of the recordings is 5 Hz. This means
that 50 double images in a period of motion (T=10 s) are taken by the camera. For
each case investigated, 300 double frame images are taken in order to obtain the
instantaneous velocity vectors around the airfoils for six period of hovering motion.
The resolution of the snapshots is 1600 x 1200 pixels. The PIV measurements in the

present study are performed within a field of view of 150 x 112.5 mm?.

4.2.4 Data Analysis

The captured images are then interrogated by means of a double frame, adaptive
cross correlation method via a 2-D FFT calculation with an initial interrogation area
of 64 x 64 pixels and going down to 32 x 32 pixels each with two iterations with
50% integration area overlapping in each direction in order to extract the
instantaneous velocity information from the captured images ([78], [79]). By
repeating the cross correlation for each interrogation area over the two frame of
images captured, velocity vector map of the whole flow is obtained at that instant
[80]. The main aim of the interrogation analysis is to determine the displacement
between sequential images in order to calculate the velocity vector at that instant
[63]. In this study, this process is carried out by commercially available Dantec
Dynamics’ DynamicStudio software [81]. The output of the interrogation analysis is
the velocity vector field, i.e. x and y components of the velocity at any instant
depending on the location. Then, these data are used to compute vorticity vector map

of the flow at any instant.
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4.3 Summary of the Experimental Conditions

The summary of the experimental conditions for the PIVV measurements carried out is
tabulated in Table 4.3.1.

Table 4.3.1 Summary of the experimental conditions for the PIV measurements.

Airfoil SD7003, NACA0012, 10 % thick
elliptical, 10% thick flat plate
W LeLe el Chord [m] 0.06
Span [m] 0.25
Fluid Water
Flow
Temperature [°C] 20
) Period [s] 10
Motion -
Max. Angular Velocity [rad/s] 0.63
Type Silver Coated Hollow Glass Spheres
Seeding Diameter [pum] 10
Concentration [g/cm?’] 4.75x 10°
Type Nd:YAG
Laser
Pulse Energy [mJ/pulse] 120
Camera Type CCD FlowSense 2M/E
Number of Camera 1
Lens Focal Length [mm] 60
Frame Rate [Hz] 5
Recording AT 0.02
Resolution [pixels] 1600 x 1200
Exposure Delay Time [ps] 10000
. via National Instruments PCI-6601
Synchronization . .
Timer Device
Double Frame / Double Exposure &
Method Adaptive Cross Correlation
Interrogation Initial: 64 x 64 pixels
Resolution Final: 32 x 32 pixels each with two
iterations with 50% overlap
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4.4 Experimental Procedure

Working with PIV is not ordinary and great care should be taken in order for the
experiments to be successful. For this reason, some adjustments are made on the
experimental setup before starting to the experiments. Firstly, all sides of the water
tank that are not used for the access of laser or camera are enclosed by black
paperboards in order to avoid the reflections caused by the water tank. Some shadow
regions behind the airfoils are observed in the snapshots taken during the
experiments but these are because of the difference of the refractive indices of wing
models and water inside the tank. Moreover, before starting to each experiment, the
environment is darkened in order for the camera to see the laser light effectively and
to take clear snapshots. Besides, the distance between the camera and water tank is
arranged such that the dimensions of the test section are approximately three times
wider than the chord length of the airfoils. Parallelism of the camera lens with
respect to the test section is also assured for all experiments. Additionally, the
illumination plane is arranged such that the laser sheet crosses the wing model from
its mid-span that is inside the water. Before the experiments, a calibration image is
taken by the camera so the system is calibrated and the pixels are converted to the
meters in order to calculate the velocities at each instant correctly. As mentioned
before, in order not to have unwanted velocity vectors in the flow field caused by the
unsteadiness of the water inside the tank, a minimum of fifteen minutes is waited
before starting to the each experiment. And lastly, the mixture inside the water tank
is checked before starting to each experiment in order to observe if the seeding
particles precipitate in water or not. If the precipitation is observed, the mixture is

simply stirred before starting to the experiment.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter is devoted to the discussion and comparison of all the results obtained
from the numerical simulations and PIVV measurements of the baseline test cases (see
Figure 3.10.1 and Table 3.10.1). The results of the rest of the test cases investigated
are given in Appendix A section. It should be noted that all the results are presented
for the sixth period of the motion for each studied case, where the impulsive effects
of the motion are observed to disappear and periodical motions are obtained ([63],
[66]). In this context, unless otherwise specified, the non-dimensional time t/T=0
corresponds to the beginning of the stroke at the beginning of the sixth period.

For the sake of convenience, this thesis chapter is divided into four main sections. In
the first three sections, the results obtained from the numerical simulations and
experimental visualizations of sinusoidal pure pitch, pure plunge and combined
pitch-plunge motions of SD7003 and NACAQ0012 airfoils are analyzed and compared
with each other in terms of the instantaneous flow topology, respectively. To be
comparable with the 2-D results, a 2-D plane, which is identical with the illuminated
plane in the experiments (see Section 4.2.1 for the details), is subtracted from the 3-D
domain and 2-D flow field of this plane is analyzed. The effects of pitching and
plunging amplitudes on different modes of the constant frequency sinusoidal
hovering motion are also investigated in these sections. And in the last section, the
mean aerodynamic force and moment coefficients, calculated numerically for each
studied case, are presented and compared with each other in order to investigate the

highest lift, the lowest drag and the highest moment producing cases.
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5.1 Results of the Pure Pitch Motion Case

5.1.1 SD7003 Airfoil Undergoing Pure Pitch Motion

In Figure 5.1.1 and Figure 5.1.2, the instantaneous vorticity contours obtained from
the numerical and experimental studies of the purely pitching SD7003 airfoil with
pitching amplitudes of 30° and 45° are presented, respectively. From the
phenomenological point of view, the numerical and experimental results show
similarity with each other in terms of instantaneous vorticity field generated around
the airfoil for both cases. It can be said that the strength and duration of the vortices
around the airfoil increases as the pitching amplitude increases from 30° to 45°. In
Table 5.1.1 and Table 5.1.2, instantaneous maximum vorticity magnitudes of the
LEVs and TEVs attached to the airfoil obtained from four different methods, which
are 2-D CFD with fine grid, 2-D CFD with coarse grid, 3-D CFD and PIV, are given
at different time instants. As it can be seen from these two tables, both the LEVs and
TEVs are stronger in the case having a,=45° compared to the case having a,=30°.
From the contour graphs obtained, it is also observed that vortices dissipate faster as
the pitching amplitude increases. The same phenomenon is also valid when
considered the instantaneous vorticity contours of the case having a,=10° given in
Appendix A.1.1 section. The vortices in the flow field of this lowest pitching
amplitude case are clearly so weak and swiftly dissipate compared to the other two
cases. Hence, it is possible to be said that the amplitude of the motion strongly
affects the strength and duration of the vortices formed.

Phenomenologically, at t/T=0.0, CCW rotating (red) TEV formation around the
airfoil is observed in the results of the numerical and experimental studies of both
cases. In both cases, it is observed that this vortex form more or less at the same
location considering the numerical and experimental results. Yet, the strength of it
differs from one case to another as seen in Table 5.1.1 and Table 5.1.2. CW rotating

(blue) detached TEV remaining from the previous period of the motion is also
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observed at that time instant for both cases. Furthermore, at t/T=0.0, CCW rotating
LEV, which is observed in all results of the both cases, form in the flow. It is clear
that it is stronger in the 2-D CFD cases compared to the 3-D CFD and PIV results.
The possible reason of this phenomenon is thought to be three-dimensional effects
existing in the experiments and 3-D CFD simulations. Wing tip losses, which cannot
be modeled in the 2-D CFD simulations, can be considered as a three-dimensional
effect. They have an effect on the formation of the trailing edge vortices. At t/T=0.2,
all CCW rotating TEV observed at t/T=0.0 starts detaching from the airfoil and it
completely detaches at t/T=0.4. Following this, a CW rotating TEV develops over
the airfoil, observed in all results of the studied cases. The CW rotating TEV
detached from the airfoil starts to be washed out by the free stream after t/T=0.4 and
henceforth the lift coefficient of both cases follows a decreasing trend until t/T=0.6.
From t/T=0.4 to t/T=0.6, CCW rotating LEV dissipates too. When reached to
t/T=0.8, new CCW rotating TEV and LEV form over the airfoil, which are again
stronger in the case having a,=45°. It should be emphasized that the case having
2,=10° does not have any LEV formation, which is believed to have a significant

effect on the mean lift coefficient of this case.

For each investigated case, it is observed that the vortices observed in the results of
the experimental visualizations dissipate faster than those observed in the results of
the numerical simulations mainly due to the three-dimensional effects presented in
the experiments. Since three-dimensional effects also exist in the 3-D CFD
simulations, this phenomenon is also observed in 3-D CFD results. Mainly because
of the meshing strategies of the 3-D grid domain and various experimental conditions
that could not be modeled by numerically, the results of these two solutions are not
exactly the same but very close to each other. Moreover, it is also noticeable that the
domain resolution, which can be defined as the number of vectors defining the
velocity field, has an important effect on the formation of the vortices. There are
7326 velocity field vectors in the PIV measurements whereas this number is 128000
for 2-D CFD with fine grid, almost seventeen times more. Because of this, vortices
exist in the flow field of the 2-D CFD with fine grid case are stronger than vortices
exist in the flow field of the 3-D CFD and PIV cases. However, 2-D CFD with
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coarse grid case has only 7384 velocity field vectors, which is very close to the
number of velocity field vectors existing in the PIVV measurements. Hence, the results

of this case are closer to the experimental results and also to the 3-D CFD results.

w[l/s]: -3.00 -225 -150 -075 000 075 150 225 3.00

a) 2-D CFD with fine grid b) 2-D CFD with coarse grid ) 3-D CFD

Figure 5.1.1 Instantaneous vorticity contours for purely pitching (a,=30°; k=3.8)
SD7003 airfoil.
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Figure 5.1.2 Instantaneous vorticity contours for purely pitching (a,=45°%; k=2.5)
SD7003 airfoil.

The flow phenomenon figured out in the forward flapping flight studies of Jones and
Platzer ([60], [82]) is also observed in the cases having a,=30° and a,=45°. In other
words, the vortex street behind the airfoil is deflected towards upstream indicating a
lift generation. This phenomenon is clearly observed from t/T=0.6 to t/T=0.8. The lift
coefficients of both cases also increase during that time. A positive mean lift
coefficient is also calculated from the lift coefficient curves of these two cases,
which also indicates a lift generation of the airfoils for the overall motion.
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Table 5.1.1 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely pitching (aa=30°; k=3.8) SD7003 airfoil [1/5]
(positive values indicate the CCW, negative values indicate the CW rotating
vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | 4.57 8.40 2.70 5.86 0.92 5.59 1.59 5.72
t/T=0.2 | -3.06 6.69 -2.85 4.69 -2.33 2.28 -2.26 4.45
t/T=0.4 | -2.05 | -10.25 | -2.48 -8.65 -1.59 -8.80 -1.50 -9.12
t/T=0.6 | 5.40 -5.92 3.59 -4.23 1.77 -2.28 0.78 -4.38
t/T=0.8 | 6.24 9.41 5.27 8.92 3.27 8.65 1.01 7.45

3-D CFD PIV

Table 5.1.2 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely pitching (a,=45°; k=2.5) SD7003 airfoil [1/s]
(positive values indicate the CCW, negative values indicate the CW rotating
vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | 8.38 9.47 5.98 7.08 1.85 4.89 2.94 7.80
t/T=0.2 | -6.01 7.82 -5.71 5.92 -3.45 2.45 -3.28 5.02
t/T=04 | -3.39 | -12.10 | -4.06 | -11.78 | -2.67 | -10.56 | -2.73 | -10.37
t/T=0.6 | 8.27 -6.61 7.70 -5.93 3.61 -3.44 3.19 -5.25
t/T=0.8 | 9.72 11.62 8.30 11.13 5.09 10.86 3.32 9.98

3-D CFD PIV

In Figure 5.1.3, instantaneous pressure coefficient contours of purely pitching
(a2=30°; k=3.8) SD7003 airfoil obtained from 2-D CFD calculations are presented.
It should be noted that some pressure discontinuities are observed at the wake of the
airfoil since no boundary condition is applied at those region. From t/T=0.0 to
t/T=0.1, the influence of the overpressure region at the upper surface of the airfoil
decreases and lift coefficient curve follows a decreasing trend during that time.
Following this, pressure at the lower surface of the airfoil start to increase and this

increase continues until t/T=0.36. As a result of this pressure increase, the lift
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coefficient value also increases during t/T=0.1 to t/T=0.36. Lift coefficient reaches to
its local maximum at t/T=0.36. From t/T=0.36 to t/T=0.5, pressure at the lower
surface of the airfoil decreases and starting from t/T=0.6, pressure at the upper
surface of the airfoil increases until the time instant t/T=0.8. The effect of these
pressure changes, is also observed in the lift curve as a decreasing trend between
t/T=0.36 and t/T=0.5 and as an increase between t/T=0.6 and t/T=0.8. After t/T=0.8,
towards to the end of the motion, lift curve again goes into a decreasing trend.

Cp: -2000 -16.00 -12.00 -800 -400 000 400 800 1000

05 1 15
tT=0.2 xlc UT=0.5 xlc tT=08 xlc

unit vector length: =i

Figure 5.1.3 Instantaneous pressure coefficient (Cp) contours obtained from 2-D CFD
for purely pitching (aa=30°; k=3.8) SD7003 airfoil (vectors in red color denote the
magnitude of instantaneous total force with its direction).

The instantaneous total forces vectors are also shown in Figure 5.1.3. From this

figure, it is observed that the direction of the total force vector is always in the

direction of the motion except at t/T=0.2 and t/T=0.7. Those two time instants are the
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time instants after which the direction of the motion changes. At t/T=0.25 and
t/T=0.75, the rotational velocities diminish to zero and consequently the magnitude
of the total force vectors fall to zero. It is observed that the decrease of the total force
magnitude from t/T=0.0 to t/T=0.15 make the drag coefficient to decrease too. After
that time, total force vector changes its direction and its magnitude starts to increase
until t/T=0.45. As a result, drag coefficient decreases further and local minimum drag
coefficient occurs at t/T=0.45. Following this time, total force magnitudes follow a
decreasing trend until t/T=0.65 and drag coefficient starts to increase. During
t/T=0.15 to t/T=0.65, the drag coefficient is negative indicating a thrust producing
behavior of the airfoil. After t/T=0.65, the total force vector changes its direction
again and its magnitude increases until the end of the period. Starting from t/T=0.65,
drag coefficients continues to increase and at t/T=0.95 drag coefficient reaches to its
local maximum. Drag coefficient is positive during t/T=0.0 to t/T=0.15 and t/T=0.65
to t/T=1.0, which indicates a drag production. Considering the overall motion, the

purely pitching (a2=30°; k=3.8) SD7003 airfoil can be said to produce thrust.

Time histories of the aerodynamic force and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD simulations of
purely pitching (2,=30°; k=3.8 and a,=45°; k=2.5) SD7003 airfoil are shown in
Figure 5.1.4. The general trend of these curves is similar for both cases. It is noticed
that moment coefficient curves show a very similar trend to the drag coefficient
curves. It is also noticed that the drag forces highly dominate the flow. As it can be
seen from this figure, there are small discrepancies between the results of the coarse
and fine grid simulations. Yet, the mean values of the aerodynamics force and
moment coefficients are nearly the same for these two solution methods. The
difference between the mesh intensities of these domains is thought to play an
important role on this phenomenon. The local minimum and maximum values occur
nearly at the similar time instants in both cases. The local maximum value of the lift
coefficient of the a,;=45° case is greater than that of the a,=30° case; however, the
a;=45° case has a smaller mean lift coefficient value compared to the a,=30° case
considering the overall motion. On the other hand, the local minimum value of the
drag coefficient of the a;=30° case are greater than that of a,=45° case; however the
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a;=30° case has a smaller mean drag coefficient value, meaning to produce more
thrust, compared to the «,=45° case considering the overall motion. The same
phenomenon observed in the drag coefficients is also valid for the moment
coefficients. A hysteresis type of graph is obtained from the moment coefficient
versus pitching angle curves of two cases. During the first half of the downstroke,
moment coefficient values of both cases decrease with an increase in the pitching
angle indicating a stable motion. During the first half of the upstroke, pitching angle
decreases and moment coefficient values of both cases further decrease, indicates an
unstable motion. The second halves of the downstroke and upstroke exhibit the same

phenomenon observed in the first halves of regarding to the stability, respectively.
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Figure 5.1.4 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for purely
pitching (a,=30°; k=3.8 and a,=45°; k=2.5) SD7003 airfoil.
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5.1.2 NACAOQ012 Airfoil Undergoing Pure Pitch Motion

The numerical and experimental results of the instantaneous vorticity contours of the
purely pitching NACAO0012 airfoil with a;=30° and a,=45° are shown in Figure
5.1.5 and Figure 5.1.6, respectively. As in the case of purely pitching SD7003 airfoil,
there is also an agreement between the numerical and experimental results of both
cases by means of the unsteady aerodynamics phenomenon occurring in the flow
phenomenologically. As in the case of purely pitching SD7003 airfoil, vortices
generated over the airfoil get stronger as the pitching amplitude increases. Table
5.1.3 and Table 5.1.4 have the information related to the instantaneous maximum
vorticity magnitudes of the LEVs and TEVs attached to the airfoil obtained from the
numerical simulations and experimental visualizations. The results presented in these
tables figure out that the case having a,=45° have higher values of LEV and TEV
magnitudes compared to the case having a,=30°. Besides, the radius of the LEVs and
TEVs generated in flow field of the case having a,=45° are greater than those for the
case having a,=30°. As in the case of purely pitching SD7003 airfoil, the case having
a,=10° have a so weak vorticity field and vortices in the flow field of this case
dissipate much faster compared to the other cases. The pitching amplitude again has

an important effect on the strength and duration of the vortices generated.

Comparing the results obtained from two cases of the purely pitching NACA0012
airfoil with the results of the purely pitching SD7003 airfoil cases, the vortex
generation mechanism of the flow is observed to be similar for each studied case.
However, magnitudes of the vortices generated over the airfoils show some
differences. Considering the results of the PIV measurements, it can be said that
TEVs attached to the purely pitching (a,=30°) NACAOQ012 airfoil are stronger than
the those attached to the purely pitching (¢,=30°) SD7003 airfoil whereas LEVs
attached to the airfoil are weaker in the purely pitching (aa=45°) NACAO0012 airfoil
case compared to the same test case of the SD7003 airfoil. On the other hand, TEVs
and LEVs attached to the purely pitching (aa=45°) NACAOQ012 airfoil are stronger
than those attached to the purely pitching (a,=45°) SD7003 airfoil.
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Similar to the purely pitching SD7003 airfoil cases, at the beginning of the period of
both cases, CCW rotating (red) LEV and TEV formations are observed in the results
of the numerical and experimental studies. As observed in the case of SD7003 airfoil,
although the locations of these vortices are nearly the same for four different
solutions, the maximum vorticity magnitudes of them differs as seen in Table 5.1.3
and Table 5.1.4. At t/T=0.2, CCW rotating TEV stops to grow and starts to detach
from the airfoil in both cases. This vortex completely detach from the airfoil at
t/T=0.4 and at that time CW rotating (blue) TEV develops over the airfoil of the both
cases. From t/T=0.4 to t/T=0.6, CCW rotating detached TEV and LEV are washed
out by the free stream and consequently the lift coefficient of both cases follows
decreasing trend. Towards to the end of the period, at t/T=0.8, new CCW rotating
TEV and LEV are generated over the airfoil. These vortices again have a stronger

magnitudes in the case having o,=45°.

As in the case of purely pitching SD7003 airfoil, the vortices observed in the results
of the 3-D CFD simulations and PIV measurements dissipate faster than those
observed in the results of the 2-D CFD simulations mainly due to three-dimensional
effects existing. Furthermore, the difference observed between the magnitudes of the
vortices obtained from the 2-D CFD with fine and coarse grid simulations of purely
pitching SD7003 airfoil is also observed here. The results of the 2-D CFD with

coarse grid simulations are closer to the experimental results.

Flow phenomenon observed in the test cases of purely pitching SD7003 airfoil,
deflected vortex patterns behind the airfoil towards upstream indicating a lift
generation, is also observed in purely pitching NACAO0012 airfoil cases. Similar to
the purely pitching SD7003 airfoil cases, during t/T=0.6 to t/T=0.8, this phenomenon
is clearly observed. The lift coefficients of both cases, as a result, also increase
during that time. Compared to the lift coefficients of the purely pitching SD7003
airfoil cases during t/T=0.6 to t/T=0.8, lift coefficients of the purely pitching

NACAO0012 airfoil cases during the same time instants are slightly smaller.
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Figure 5.1.5 Instantaneous vorticity contours for purely pitching (a,=30°%; k=3.8)
NACAOQ012 airfoil.
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Figure 5.1.6 Instantaneous vorticity contours for purely pitching (a,=45°;
NACAOQ012 airfoil.
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Table 5.1.3 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely pitching (aa=30°; k=3.8) NACA0012 airfoil
[1/s] (positive values indicate the CCW, negative values indicate the CW rotating
vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | 4.32 7.92 2.88 5.68 0.89 S.77 1.73 5.55
t/T=0.2 | -2.86 6.35 -3.18 4.61 -1.96 2.17 -2.68 4.09
t/T=0.4 | -1.76 -9.86 -1.02 -8.62 -1.32 -8.34 -2.14 -8.87
t/T=0.6 | 5.55 -5.98 4.18 -4.35 1.94 -2.65 1.32 -4.62
t/T=0.8 | 6.78 9.72 5.70 9.21 3.72 8.91 1.34 8.21

3-D CFD PIV

Table 5.1.4 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely pitching (a,=45°; k=2.5) NACA0012 airfoil
[1/s] (positive values indicate the CCW, negative values indicate the CW rotating
vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | 8.09 9.69 5.54 7.30 141 4.19 1.98 7.55
t/T=0.2 | -7.41 8.14 -6.42 6.70 -3.83 2.94 -2.99 4.88
t/T=0.4 | -2.01 | -1247 | -2.69 | -12.01 | -2.27 | -10.62 | -2.78 | -10.84
t/T=0.6 | 7.98 -6.78 7.67 -5.93 3.47 -3.65 3.29 -5.38
t/T=0.8 | 10.15 | 11.71 8.67 11.01 5.35 10.96 4.42 10.17

3-D CFD PIV

Instantaneous pressure coefficient contours of purely pitching (0,=30°; k=3.8)
NACAOQ012 airfoil obtained from 2-D CFD calculations are presented in Figure
5.1.7. A similar phenomenon observed in the purely pitching SD7003 airfoil case is
also obtained for this case. In other words, the decrease in the effect of the
overpressure region at the upper surface of the airfoil is observed during t/T=0.0 to
t/T=0.1 resulting to a decrease in the lift coefficient values during that time.
Following this, Pressure at the lower surface of the airfoil increases during t/T=0.1 to

t/T=0.38 and consequently, the lift coefficient curve follows an increasing trend
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during that time. In this case, the local maximum value of the lift coefficient occur at
t/T=0.38. Between t/T=0.38 and t/T=0.5, the overpressure region at the lower surface
of the airfoil decreases and shifts from the lower surface to the upper surface starting
from t/T=0.6. After that time, overpressure region at the upper surface of the airfoil
start to increase and this increase continues until t/T=0.8. These pressure changes
observed over the airfoil makes the lift coefficient curve to follow a decreasing trend
during t/T=0.38 to t/T=0.5 and an increasing trend during t/T=0.6 to t/T=0.8. After
t/T=0.8, lift coefficient curve follows again a decreasing trend until the end of the

motion.

In Figure 5.1.7, the instantaneous total force vectors are also presented. As in the
case of purely pitching SD7003 airfoil, except at t/T=0.2 and t/T=0.7, the direction of
the total force vector is in the direction of the motion. At the turning points of the
motion, at t/T=0.25 and t/T=0.75, the rotational velocities fall to zero and as a result,
the magnitude of the total force vectors fall to zero. Starting from the beginning of
the period until t/T=0.15, magnitude of the total force vector and drag coefficient
decrease. Following this time, total force vector changes its direction and its
magnitude increases until t/T=0.45 resulting to the further decrease of the drag
coefficient. The local minimum value of the drag coefficient occur at t/T=0.45 in this
case too. Between t/T=0.45 and t/T=0.65, the magnitude of the total force vector
decreases whereas the drag coefficient increases. Negative sign of the drag
coefficient between t/T=0.15 and t/T=0.65 indicates a thrust production during that
time period. At t/T=0.65, the total force vector changes its direction once more and
its magnitude increases until the end of the period. The drag coefficient also tends to
increase after t/T=0.65. Positive sing of the drag coefficient during t/T=0.0 to
t/T=0.15 and t/T=0.65 to t/T=1.0 indicates the drag producing behavior of the airfoil.
Considering the overall motion, the purely pitching (2,=30° k=3.8) NACA0012
airfoil can be said to produce thrust as purely pitching (a,=30°%; k=3.8) SD7003

airfoil.
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Figure 5.1.7 Instantaneous pressure coefficient (Cp,) contours obtained from 2-D CFD
for purely pitching (aa=30°; k=3.8) NACAO0012 airfoil (vectors in red color denote
the magnitude of instantaneous total force with its direction).

Time histories of the aerodynamic force and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD simulations of
purely pitching (aa=30°; k=3.8 and a;=45°; k=2.5) NACAO0012 airfoil are shown in
Figure 5.1.8. The general trend of each curve shows similarities with those of the
SD7003 airfoil cases. Compared to the purely pitching SD7003 airfoil cases, purely
pitching NACAOQ012 airfoil has smaller lift coefficient values whereas it has greater
drag and moment coefficient values considering the each studied pure pitch motion
case, the main reason of which is thought to be that the NACAO0012 airfoil is a
thicker airfoil compared to the SD7003 airfoil. As in the case of purely pitching
SD7003 airfoil, small discrepancies occur between the results of the coarse and fine

grid solutions mainly due to the difference in the mesh intensities of these two
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domains. As in the case of purely pitching SD7003 airfoil, although the mean lift
coefficient of the case having a,=45° is smaller considering the overall motion, the
local maximum value of the lift coefficient of this case higher than that of the a;=30°
case. On the other side, the mean drag coefficient of the a;=30° case is smaller than
that of the a,=45° case, although the vice versa is valid for a comparison between the
local minimum values of the drag coefficients of these two cases. Another hysteresis
type of graph is obtained from the moment coefficient versus pitching angle curves
of the purely pitching NACAO0012 airfoil cases. The phenomena observed in the
hysteresis graph of the moment coefficient of the purely pitching SD7003 airfoil

cases are also valid for purely pitching NACAQ012 airfoil cases.
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Figure 5.1.8 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for purely
pitching (¢,=30°; k=3.8 and a,=45°; k=2.5) NACAO0012 airfoil.

58



5.2 Results of the Pure Plunge Motion Case

5.2.1 SD7003 Airfoil Undergoing Pure Plunge Motion

In Figure 5.2.1 and Figure 5.2.2, results of the numerical and experimental studies of
the purely plunging SD7003 airfoil having plunging amplitudes of 0.01 m and 0.02 m
are presented by means of the instantaneous vorticity contours, respectively. As in
the case of purely pitching airfoils, the numerical and experimental results seem to
agree with each other considering the type and location of the vortices observed in
the flow field of the both cases. As expected, instantaneous maximum magnitude of
the vortices around the airfoil and vortex core radii increase as the plunging
amplitude increases from 0.01 m to 0.02 m. The same phenomena are also valid
when the results of the purely pitching SD7003 airfoil case having plunging
amplitude of 0.03 m are considered, given in Appendix A.2.1 section. The vortices
around the airfoil highly dominate the flow in this case and they dissipate slowly
compared to the cases having lower plunging amplitudes. The instantaneous
maximum vorticity magnitudes of the LEVs and TEVs attached to the airfoil,
obtained from the numerical and experimental calculations, are presented in Table
5.2.1 and Table 5.2.2 at different time instants. As it can also be seen from these
tables, the vortices observed in the case having plunging amplitude of 0.02 m are
stronger compared to the case having lowest plunging amplitude, 0.01 m. It is clear
to conclude that the strength and duration of the vortices are strongly affected by the

amplitude of the pure plunge motion.

From the phenomenological point of view, at the beginning of the motion, CW
rotating (blue) LEV formation over the airfoil is observed in the results of the
numerical simulations and experimental visualizations of both cases. Although the
size and location of this vortex is very close to each other as observed in the four
different results of the case having x,=0.01 m, it differs from each other considering

the numerical and experimental studies carried out for the case having x,=0.02 m. At
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the same time instant, a CCW rotating (red) LEV, remaining from the previous
period of the motion, is also observed in the results of both cases. It is observed that
the CCW rotating detached LEV is observed to be weaker in the 3-D CFD and PIV
results compared to 2-D CFD results. A CCW rotating TEV is also observed in the
results of both cases at t/T=0.0. The same phenomenon related to the CW rotating
LEV can also be said for this vortex. CW rotating LEV detaches from the airfoil at
t/T=0.2 and following this, a CCW rotating LEV forms over the airfoil as observed
in all results of studied cases. CCW rotating TEV, on the other hand, start detaching
from the airfoil at t/T=0.2 and it completely detaches at t/T=0.4, which is again
observed in all results. Similarly, a CW rotating TEV forms over the airfoil following
this detachment. The detached LEV and TEV are suddenly washed out by the free
stream in the case of x,=0.01 m while they stay in the flow longer in the case of
Xa=0.02 m. At t/T=0.6, LEV and TEV formed at t/T=0.4 grow against the direction
of motion and henceforth the drag coefficient curves follow an increasing trend for
both cases. When reached to t/T=0.8, these LEV and TEV detach from the airfoil and

new LEV and TEV form over the airfoils as observed in both cases.

Considering the results obtained from the numerical and experimental studies of pure
plunge motion cases of SD7003 airfoil, it is observed that the results of the 3-D CFD
simulations are closer to the PIVV measurements. The main reason of this is thought to
be the three-dimensional effects existing. It is also note that he vortices observed in
the 3-D CFD simulations dissipates more quickly compared to the other cases.
Moreover, results of the 2-D CFD with fine grid studies differ from that of the 2-D
CFD with coarse grid studies, especially observed in the results of the case having
Xa=0.02 m. The domain resolution, which is very close to each other for 2-D CFD
with coarse grid and PIV calculations as discussed in pure pitch motion cases, can
also be said to affect the results of this case too. It can be concluded that the more
intense the domain, the more complex vortex field, i.e. a vortex field highly
dominated with the vortices remaining from the previous period, exists in the flow.
This effect is not very significant at low plunging amplitudes, yet as the plunging

amplitude increases it starts to occur distinguishably in the flow field.
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Figure 5.2.1 Instantaneous vorticity contours for purely plunging (xa=0.01 m; k=3.0)
SD7003 airfoil.
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Figure 5.2.2 Instantaneous vorticity contours for purely plunging (xa=0.02 m; k=1.5)
SD7003 airfoil.
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Table 5.2.1 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely plunging (xa=0.01 m; k=3.0) SD7003 airfoil

[1/s] (positive values indicate the CCW, negative values indicate the CW rotating
vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | -7.04 6.87 -5.96 5.79 -5.67 6.38 -5.46 5.41
t/T=0.2 | -5.58 5.54 -1.89 291 -2.19 2.07 -4.38 4.17
t/T=0.4 | 8.27 -7.28 6.77 -6.12 6.91 -6.41 2.21 -5.26
t/T=0.6 | 6.89 -5.63 5.42 -4.16 3.31 -3.15 5.31 -4.21
t/T=0.8 | -4.97 6.22 -4.80 5.82 -4.73 5.78 -4.34 5.41

3-D CFD PIV

Table 5.2.2 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely plunging (xa=0.02 m; k=1.5) SD7003 airfoil

[1/s] (positive values indicate the CCW, negative values indicate the CW rotating
vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | -9.18 11.15 | -8.85 9.11 -6.87 7.92 -7.11 6.89
t/T=0.2 | -6.61 9.34 -6.77 8.92 -4.54 4.84 -5.25 4.94
t/T=0.4 | 10.04 | -9.15 9.19 -8.97 8.07 -8.01 7.56 -7.19
t/T=0.6 | 8.79 -7.01 8.25 -4.85 5.02 -4.95 5.63 -5.27
t/T=0.8 | -6.42 9.02 -5.92 8.84 -5.35 8.68 -5.69 8.22

3-D CFD PIV

Instantaneous pressure coefficient contours of purely plunging (xa=0.02 m; k=1.5)
SD7003 airfoil obtained from the 2-D CFD calculations are presented in Figure
5.2.3. As time goes from t/T=0.0 to t/T=0.15, pressure side of the airfoil changes its
location from the upper surface to the lower surface as the airfoil start to move from
its initial position towards left and as a result, lift coefficient curve follows a
decreasing trend during that time. Following this, overpressure region at the lower
surface of the airfoil increases until t/T=0.45 resulting to an increase in the lift
coefficient during t/T=0.15 to t/T=0.45 too. The local maximum value of the lift
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coefficient occur at t/T=0.45. From t/T=0.45 to t/T=0.7, pressure at the lower surface
of the airfoil start to decrease as the airfoil moves from left to right and consequently
the lift coefficient curve goes into a decreasing trend. Starting from t/T=0.7, pressure
at the upper surface of the airfoil increases and airfoil changes its direction of motion
at t/T=0.75 and after that time it goes towards its initial position. As a result, the lift

coefficient curve follows again an increasing trend during t/T=0.7 to t/T=0.9.

Cp: -2000 -16.00 -12.00 -800 -400 000 400 800 1000

e ol PR P | F PSR | ARy
05 1 15 2 25 . 05 1 15 2 25
t1T=0.2 xc UT=05 xlc tT=0.8 xlc

unit vector length: s

Figure 5.2.3 Instantaneous pressure coefficient (Cp) contours obtained from 2-D CFD
for purely plunging (x,=0.02 m; k=1.5) SD7003 airfoil (vectors in red color denote
the magnitude of instantaneous total force with its direction).

The instantaneous total force vectors are also shown in Figure 5.2.3. Except at
t/T=0.2 and t/T=0.7, after which the direction of motion changes, the total force
vector is always in the opposite direction of the motion being different from the pure

pitch motion cases. At t/T=0.25 and t/T=0.75, the axial velocities diminishes to zero

64



and consequently the magnitude of the total force vectors at that instants fall to zero.
The magnitude of the total force vector decreases from t/T=0.0 to t/T=1 and it falls to
zero at t/T=0.15. Following this, total force vector changes its direction and its
magnitude start to increase until t/T=0.4. During that time period, from t/T=0.0 to
t/T=0.4, drag coefficient curve also follow a decreasing trend. After that time,
magnitude of the total force vector goes again towards zero and it falls to zero at
t/T=0.65. Following this time, direction of the total force vector changes once more
time and magnitude of the total force vector increases until the end of motion. The
changes in the total force vector makes the drag coefficient to increase during
t/T=0.4 to t/T=0.95. Because the direction of motion and total force vector is
opposite during the great majority of the period, mean drag coefficient value
approaches to positive values. Mean drag coefficient of the present case is also larger
compared to the purely pitching (a,=30°; k=3.8) SD7003 airfoil case. Nevertheless,
considering the overall motion the purely plunging (x,=0.02 m; k=1.5) SD7003

airfoil case can be said to be a thrust producing case.

In Figure 5.2.4, time histories of the aerodynamic force and moment coefficients and
moment coefficient versus plunging distance distributions obtained from the 2-D
CFD studies of the purely plunging (Xx,=0.01 m; k=3.0 and X,=0.02 m; k=1.5)
SD7003 airfoil are presented. Although the general trend of the drag coefficient and
moment coefficient curves are very close to each other for fine and coarse grid
results, lift coefficient curves is observed to exhibit different behaviors between fine
and coarse grid results. The drag forces highly dominate the flow in this case too.
Considering the two studied cases of pure plunge motion of SD7003 airfoil, the local
minimum and local maximum values of the lift coefficients are observed to occur at
the similar time instants. The local maximum value of the lift coefficient and the
mean lift coefficient of the case having x,=0.02 m are smaller than the case having
Xa=0.01 m whereas the local minimum value of the lift coefficient of the case
Xa=0.02 m is greater than the case having x,=0.01 m. On the other hand, while the
local minimum value of the drag coefficient and the mean drag coefficient of the
Xa=0.02 m case are smaller, the local maximum value of the x,=0.02 m case is

greater than the x,=0.01 m case. Similarly, the local maximum value of the moment
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coefficient and the mean moment coefficient values are greater in the case of x,=0.02
m whereas the local minimum value of the x;=0.02 m case is smaller compared to
that of the case x,=0.01 m. A hysteresis type of graph for the moment coefficient
versus plunging amplitude distributions observed in the pure pitch motion cases is
also obtained from the purely plunging cases of SD7003 airfoil. The pure pitch
motions of SD7003 airfoil are stable, the slope of the moment coefficient versus
plunging amplitude curves are negative, during the first and second halves of the
downstroke and upstroke, respectively whereas they are unstable, the slope of the
moment coefficient versus plunging amplitude curves are positive, during the second

and first halves of the downstroke and upstroke, respectively.
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Figure 5.2.4 Time histories of lift, drag and moment coefficients and moment
coefficient versus plunging distance distributions obtained from 2-D CFD for purely
plunging (Xa=0.01 m; k=3.0 and x,=0.02 m; k=1.5) SD7003 airfoil.
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5.2.2 NACAOQ012 Airfoil Undergoing Pure Plunge Motion

The numerical and experimental results of the instantaneous vorticity contours of the
purely plunging (xa=0.01 m and x,=0.02 m) NACAQ012 airfoil are given in Figure
5.2.5 and Figure 5.2.6, respectively. As in the case of previously discussed test cases,
there is a phenomenological agreement between the results of the numerical and
experimental studies in terms of the instantaneous vorticity field of the flow. As in
the case of purely plunging SD7003 airfoil, as the plunging amplitude increases from
0.01 m to 0.02 m and from 0.02 m to 0.03 m, the size and dissipation rate of the
vortices observed in the flow field also increases. The vortex core radii of the higher
amplitude cases are clearly are bigger. In the case having the highest plunging
amplitude among the studied cases, 0.03 m, the flow field is highly dominated by the
vortices around the airfoil and these vortices are observed to dissipate very slowly
compared to the other cases. In Table 5.2.3 and Table 5.2.4, instantaneous maximum
vorticity magnitudes of the LEVs and TEVs attached to the purely plunging
NACAOQ012 airfoils are presented at different time instants. As it is expected, the
vortices observed in the case having bigger plunging amplitude, 0.02 m, are stronger
than those observed in the case having plunging amplitude of 0.01 m. Again, the
formation and duration of the vortices around the airfoil are strongly affected by the

amplitude of the motion.

Phenomenologically, instantaneous vortex topologies of the purely plunging
NACAOQ012 airfoil cases show similarities with the cases of purely plunging SD7003
airfoil. Namely, at t/T=0.0, beginning of the motion, CW rotating (blue) LEV forms
over the leading edge of the airfoil of the both cases. Considering the 2-D CFD with
fine grid simulations and PIV visualizations, although vortex core radii of this vortex
seem to be different, its magnitude is very close. The difference between the vortex
core radii of the numerical and experimental studies increases as the plunging
amplitude increases. At the same time instant, a CCW rotating (red) detached LEV
formation, remaining from the previous period of the motion, is also observed in all

cases. However, it is observed that the strength of this vortex is weaker in the results
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of the 3-D CFD and PIV studies whereas it is stronger in the results of the 2-D CFD
studies. A CCW rotating TEV formation is also observed in the results of both cases
at the beginning of the period. Similar discussion related to the CW rotating LEV can
also be said for this vortex. The CW rotating LEV, observed at the beginning of the
period, detaches from the leading edge of the airfoil at t/T=0.2 and following this
detachment, a CCW rotating LEV start to develop over the airfoil as observed in all
results of the investigated cases. Meanwhile, CCW rotating TEV, observed at
t/T=0.0, start to detach from the purely plunging airfoils at t/T=0.2 and it completely
detaches from the airfoils at t/T=0.4. Just after this detachment, CW rotating TEV
starts to form over the trailing edge of the airfoils. The LEV and TEV detached from
the airfoil dissipate faster in x;=0.01 m case compared to the x,=0.02 m case.
Besides, it is observed that the dissipation rate is higher in the 3-D CFD simulations
as observed in both test cases. From t/T=0.4 to t/T=0.6, CCW rotating LEV and CW
rotating TEV grow against the direction of motion and consequently, the drag
coefficients increase during that time. Reaching to t/T=0.8, the growth LEV and TEV
detach from the airfoil and at this time new formations of the CW rotating LEV and
CCW rotating TEV are observed in the flow. After t/T=0.8, drag coefficients goes

into a decreasing trend until the end of the period.

As in the case of purely plunging SD7003 airfoils, vortices are observed to dissipate
faster in 3-D CFD simulations and PIV visualizations mainly due to the three-
dimensionality effects. Moreover, the vortices over the airfoil show similarity with
each other from the phenomenological point of view considering the 3-D CFD and
PIV studies. On the other hand, there are some discrepancies observed between the
results of the 2-D CFD simulations in terms of instantaneous vortex topologies of the
flow. Especially in the case having plunging amplitude of 0.01 m, results of the 2D
CFD with coarse grid simulations exhibit similarities with the results of the 3-D CFD
and PIV studies. Yet, considering the results of the case having 0.02 m, 2-CFD
results differ from the results of the other studies. It is observed that the vortices
remaining from the previous periods of the motion highly dominate the flow field of
the 2-D CFD with fine grid simulations in x,=0.02 m case. This phenomenon is not
very significant in the case having x,=0.01 m.
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Figure 5.2.5 Instantaneous vorticity contours for purely plunging (xa=0.01 m; k=3.0)
NACAOQ012 airfoil.
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Figure 5.2.6 Instantaneous vorticity contours for purely plunging (xa=0.02 m; k=1.5)
NACAQ012 airfoil.

70



Table 5.2.3 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely plunging (x,=0.01 m; k=3.0) NACA0012
airfoil [1/s] (positive values indicate the CCW, negative values indicate the CW
rotating vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | -8.23 6.77 -6.15 5.73 -6.57 6.39 -8.33 5.63
t/T=0.2 | -6.18 5.75 -4.18 4.27 -2.58 2.34 -4.82 4.39
t/T=0.4 | 8.68 -7.87 7.03 -6.53 7.52 -7.25 4.74 -5.89
t/T=06 | 7.01 -5.70 5.65 -4.31 3.59 -3.46 5.62 -5.21
t/T=0.8 | -5.28 6.38 -4.90 6.12 -4.52 6.05 -4.55 5.45

3-D CFD PIV

Table 5.2.4 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the purely plunging (xa=0.02 m; k=1.5) NACAQ0012
airfoil [1/s] (positive values indicate the CCW, negative values indicate the CW
rotating vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | -9.74 | 10.14 | -7.41 8.98 -6.81 6.47 -9.08 9.62
t/T=0.2 | -7.86 8.67 -7.21 6.96 -5.74 5.92 -8.55 6.01
t/T=0.4 | 10.09 | -10.24 | 9.78 -9.84 8.42 -9.54 7.88 -9.21
t/T=0.6 | 8.27 -7.38 7.82 -2.77 7.65 -5.97 7.75 -6.39
t/T=0.8 | -8.34 9.62 -7.14 9.40 -7.38 9.52 -7.85 10.02

3-D CFD PIV

In Figure 5.2.7, instantaneous pressure coefficient contours of purely plunging
(xa=0.02 m; k=1.5) NACAO0012 airfoil obtained from 2-D CFD calculations are
presented. From t/T=0.0 to t/T=0.15, the overpressure region at the upper surface of
the airfoil decreases as the airfoil starts its movement towards left and consequently,
lift coefficient goes into a decreasing trend during that time. The local minimum
value of the lift coefficient occur at t/T=0.15. Following this time, the pressure at the
lower surface of the airfoil increases continuing until t/T=0.45. The effect of this

pressure increase is observed as an increase in the lift coefficient during t/T=0.15 to
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t/T=0.45, at which the local maximum value of the lift coefficient occur. From
t/T=0.45 to t/T=0.7, overpressure region at the lower surface of the airfoil start to
decrease as the airfoil moves from left to right. As a result, the lift coefficient curve
follows a decreasing trend. After t/T=0.7, overpressure region at the upper surface of
the airfoil increases and airfoil changes its direction of motion at t/T=0.75 to go to its
initial position. After that time, the lift coefficient curve follows again an increasing

trend until t/T=0.9, after which it again goes into a decreasing trend.
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Figure 5.2.7 Instantaneous pressure coefficient (Cp) contours obtained from 2-D CFD
for purely plunging (x,=0.02 m; k=1.5) NACAO0012 airfoil (vectors in red color
denote the magnitude of instantaneous total force with its direction).

The instantaneous total force vectors are also shown in Figure 5.2.7. As in the case of
purely plunging SD7003 airfoil, except at t/T=0.2 and t/T=0.7, after which the
direction of motion changes, the total force vector is always in the opposite direction.
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At t/T=0.25 and t/T=0.75, the axial velocities diminishes to zero and as a result of
this, the magnitude of the total force vectors at that instants fall to zero. The
magnitude of the total force vector decreases as time goes from t/T=0.0 to t/T=0.15,
at which its magnitude falls to zero. Following this time, total force vector changes
its direction and its magnitude start to increase continuing until t/T=0.4. As a result
of the changes in the magnitude of the total force vector, drag coefficient decreases
during t/T=0.0 to t/T=0.4. After t/T=0.4, magnitude of the total force vector
decreases again it becomes zero at t/T=0.65. Just after t/T=0.65, direction of the total
force vector changes again and its magnitude follows an increasing trend until the
end of the motion. The effect of changes in the total force vector is observed as an
increase in the drag coefficient values during t/T=0.4 to t/T=0.9. As in the case of
purely plunging SD7003 airfoil, since the direction of motion and total force vector
opposes each other during the whole the period, in general, mean drag coefficient
value becomes positive indicating a drag producing behavior of the airfoil for the
overall motion. Hence, mean drag coefficient of the present case is larger compared

to the purely plunging (x,=0.02 m) SD7003 airfoil case.

Time histories of the aerodynamic force and moment coefficients and moment
coefficient versus plunging distance distributions obtained from 2-D CFD studies of
purely plunging (x,=0.01 m; k=3.0 and x,=0.02 m; k=1.5) NACAQ012 airfoil are
given in Figure 5.2.8. Although the general trend of the drag coefficient and moment
coefficient curves are similar for the fine and coarse grid results, lift coefficient
curves is observed to behave differently for those as in the case of purely plunging
SD7003 airfoil. The flow field is highly dominated by the drag forces in this case
too. The local maximum and minimum values of the aerodynamic force and moment
coefficients of two studied cases occur nearly at the same time instants. However the
maximum and minimum values of them differ for each studied case. Namely, the
local maximum value of the lift coefficient and mean lift coefficient of the case
having x,=0.01 m are greater than the case having x,=0.02 m. On the other hand, the
mean drag coefficient of the case having x,=0.01 m is greater than the case having
Xa=0.02 m, the local minimum value of the drag coefficient of the case having the
lowest plunging amplitude is smaller. Lastly, the local maximum value of the
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moment coefficient and mean moment coefficient of the case having x,=0.02 m are
greater than the case having x;=0.01 m. A hysteresis type of graph for the moment
coefficient versus plunging amplitude distributions observed in the results of the
previously discussed test cases is also obtained from the purely plunging cases of
NACAOQ012 airfoil. It is possible to conclude that the pure plunge motions of the
NACAOQ012 airfoil are stable during the first and third quarters of the period, where
the slope of the moment coefficient versus plunging amplitude curves are negative,
whereas they are unstable during the rest of the period, where the slope of the

moment coefficient versus plunging amplitude curves are positive.
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Figure 5.2.8 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for purely
plunging (xa=0.01 m; k=3.0 and x,=0.02 m; k=1.5) NACAO0012 airfoil.
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5.3 Results of the Combined Pitch-Plunge Motion Case

5.3.1 SD7003 Airfoil Undergoing Combined Pitch-Plunge Motion

In Figure 5.3.1 and Figure 5.3.2, results of the numerical and experimental studies
related to the instantaneous vorticity contours of the pitching-plunging SD7003
airfoil having a,=30° X,=0.01 m and a;=30° X,=0.02 m are presented. As in the
case of previously discussed test cases, the results obtained from the numerical and
experimental studies are in a good agreement with each other for both cases
considering the type and location of the vortices observed in the flow. There is
clearly a better agreement in the results of the a;=30° x,=0.01 m case since the
oscillation of the a,=30°, x,=0.02 m case is higher. As in the other cases,
instantaneous maximum magnitude of the vortices over the airfoil and vortex core
radii increase as the plunging amplitude increases from 0.01 m to 0.02 m and
pitching amplitude stays constant at 30°. The same phenomenon is also observed if
the plunging amplitude of the pitch-plunge motion is kept constant and pitching
amplitude of it is increased, the results of which are given in Appendix A.3.1 section.
In other words, if the motion gets more oscillatory as the pitching and/or plunging
amplitudes increase, the vorticity field observed, consequently, becomes more
complex and vortices observed in the highly oscillatory cases dissipate so slowly. In
Table 5.3.1 and Table 5.3.2, instantaneous maximum vorticity magnitudes of the
LEVs and TEVs attached to the pitching-plunging SD7003 airfoils, obtained from
the numerical and experimental calculations, are presented. It is again observed from
these two tables that the magnitude of the vortices over the airfoil gets stronger as the
plunging amplitude increases from 0.01 m to 0.02 m and pitching amplitude stays

constant at 30°.
Phenomenologically, at the beginning of the motion, at t/T=0.0, a CCW rotating

(red) TEV formation over the airfoil is observed in the results of the numerical

simulations and experimental visualizations of both cases. Location, vortex core radii
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and magnitude of this vortex is observed to be similar for the 3-D CFD simulations
and PIV visualizations of both cases. However, it is observed to be stronger in 2-D
CFD results of both cases. At the same time instant, a CW rotating (blue) LEV
development is also observed in all results. Again, magnitude of this vortex is close
to each other considering the 3-D CFD and PIV results. CCW rotating detached
LEV, remaining from the previous period of motion, is also observed at this time
instant. It is also observed to be very strong 2-D CFD studies. CW rotating LEV
develops at t/T=0.2 and it detaches from the airfoil at t/T=0.4. Similarly, CCW
rotating TEV start to detach from the airfoil at t/T=0.2 and it completely detaches at
t/T=0.4 as observed in all results. As in the other cases, detached vortices are washed
out by the free stream and consequently, the lift coefficients follow a decreasing
trend during t/T=0.4 to t/T=0.55. Following the detachment of CW rotating LEV and
CCW rotating TEV, new CCW rotating LEV and CW rotating TEV form over the
airfoil as observed again all results. These vortices continue to develop at t/T=0.6
resulting to an increase in the lift coefficients after this time and detach from the

airfoil at t/T=0.8 resulting to a decrease in the lift coefficients after this time.

As in the other cases, it is observed that the results of the 3-D CFD simulations are
closer to the results of the PIV visualizations considering the all results obtained,
mainly due to the three-dimensional effects existing. It is also observed that he
vortices observed in the results of the 3-D CFD simulations dissipates more quickly
compared to the other cases. Furthermore, results of the 2-D CFD with fine grid
simulations differ from the results of the 2-D CFD with coarse grid simulations due
to the difference of the domain resolutions of them. Again, the difference in the
results of the 2-D CFD simulations increases as the motion becomes more

oscillatory, i.e. amplitude of the motion increases.

Furthermore, a deflected vorticity field towards the upstream indicating a lift
generation is also observed behind the airfoil in both cases. This phenomenon is
clearly observed in the results from t/T=0.2 to t/T=0.4 and t/T=0.6 to t/T=0.8. The
lift coefficients of both cases also increase during that time instants. A positive mean
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lift coefficient is also calculated from the lift coefficient curves of both cases, which

also indicates a lift generation by the airfoils for the overall motion.

w[l/s]: -3.00 -225 -1.50 -0.75 000 07 150 225 3.00
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a) 2-D CFD with fine grid b) 2-D CFD with coarse grid  c) 3-D CFD

Figure 5.3.1 Instantaneous vorticity contours for pitching-plunging (a.=30°
Xa=0.01 m; k=2.4) SD7003 airfoil.
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Figure 5.3.2 Instantaneous vorticity contours for pitching-plunging (az=30°,
Xa=0.02 m; k=1.4) SD7003 airfoil.
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Table 5.3.1 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the pitching-plunging (aa=30° X,=0.01 m; k=2.4)
SD7003 airfoil [1/s] (positive values indicate the CCW, negative values indicate the
CW rotating vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | -12.56 | 9.08 -9.21 5.73 -7.69 3.10 -1.24 5.06
t/T=0.2 | -13.40 | 7.15 | -1055 | 4.24 -8.12 2.96 -7.86 3.92
t/T=04 | 492 | -10.34 | 5.29 -6.39 6.26 -6.50 5.74 -6.28
t/T=0.6 | 1229 | -9.32 | 1434 | -4.25 7.20 -3.30 6.87 -4.81
t/T=0.8 | 9.82 7.45 8.48 6.79 3.38 6.51 3.02 6.43

3-D CFD PIV

Table 5.3.2 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the pitching-plunging (ea=30°, x,=0.02 m; k=1.4)
SD7003 airfoil [1/s] (positive values indicate the CCW, negative values indicate the
CW rotating vortices).

2-D CFD 2-D CFD
with fine grid | with coarse grid

Vortex LEV TEV LEV TEV LEV TEV LEV TEV
t/T=0.0 | -14.87 | 11.46 | -11.57 | 6.97 -8.82 4.03 -8.33 5.61
t/T=0.2 | -15.12 | 9.75 | -1252 | 5.76 -9.11 3.78 -8.78 4.45
t/T=04 | 6.67 | -13.74 | 6.08 -8.92 7.48 -9.01 6.83 -8.65
t/T=0.6 | 1358 | -9.92 | 1535 | -4.94 9.81 -3.52 8.39 -5.16
t/T=0.8 | 11.07 | 10.19 | 10.16 9.79 5.21 9.42 4.86 9.13

3-D CFD PIV

In Figure 5.3.3, instantaneous pressure coefficient contours of pitching-plunging
(2a=30°, x,=0.02 m; k=1.4) SD7003 airfoil obtained from the 2-D CFD calculations
are given. Starting from the beginning of the period until t/T=0.1, overpressure
region at the upper surface of the airfoil decreases as the airfoil moves towards left
and as a result, lift coefficient curve goes into a decreasing trend during that time.
The local minimum value of the lift coefficient occur nearly at t/T=0.1. Following
this, the pressure at the lower surface of the airfoil increases continuing until t/T=0.4.

The effect of this pressure increase is observed as an increase in the lift coefficient
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during t/T=0.1 to t/T=0.4, at which the local maximum value of the lift coefficient
occur. From t/T=0.4 to t/T=0.6, overpressure region at the lower surface of the airfoil
start to decrease as the airfoil moves from left to right. As a result, the lift coefficient
curve follows a decreasing trend during that time period. After t/T=0.6, overpressure
region at the upper surface of the airfoil start to increase and this continues until the
end of the period. After t/T=0.6, the lift coefficient follows again an increasing trend
until t/T=0.85, after which it again goes into a decreasing trend.
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unit vector length: s

Figure 5.3.3 Instantaneous pressure coefficient (Cp,) contours obtained from 2-D CFD
for pitching-plunging («,=30°, x,=0.02 m; k=1.4) SD7003 airfoil (vectors in red
color denote the magnitude of instantaneous total force with its direction).

The instantaneous total force vectors are also shown in Figure 5.3.3. As observed,
except at t/T=0.2 and t/T=0.7, the direction of the total force vector and the direction

of the leading edge of the airfoil, i.e. pitching direction, are the same. At the turning
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points of the motion, at t/T=0.25 and t/T=0.75, the rotational velocities fall to zero
and consequently, the magnitude of the total force vectors fall to zero. From t/T=0.0
to t/T=0.15, magnitude of the total force vector decreases resulting to a decrease in
the drag coefficient during that time period too. Following this, total force vector
changes its direction and its magnitude increases until t/T=0.45 resulting to the
further decrease of the drag coefficient. The local minimum value of the drag
coefficient occur at t/T=0.45. From t/T=0.45 to t/T=0.65, the magnitude of the total
force vector decreases as the airfoil moves towards right whereas the drag coefficient
increases. At t/T=0.65, the direction of the total force vector changes once more and
magnitude of the total force vector increases until the end of the period. The drag
coefficient curve also follows an increasing trend after t/T=0.65. Negative sign of the
drag coefficients between t/T=0.15 and t/T=0.65 indicates the thrust producing
behavior of the airfoil during that time period. Considering the overall motion, the
pitching-plunging (2a=30° X,=0.02 m; k=1.4) NACAO0012 airfoil can be said to
produce thrust. Among the all studied cases, this case of the combined pitch-plunge

motion also produces the highest thrust considering the overall motion.

Time histories of the aerodynamic force and moment coefficients and moment
coefficient versus pitching amplitude distributions obtained from the 2-D CFD
calculations of the pitching-plunging SD7003 airfoil are presented in Figure 5.3.4.
The general trend of each curve is very similar considering the fine and coarse grid
simulations of both cases. Therefore, it is possible to conclude that the effect of
domain resolution is not very significant for the aerodynamic force and moment
coefficient curve characteristics. The drag forces highly dominate the flow in these
cases too. The local maximum value of the lift coefficient and mean lift coefficient of
the case having a,=30°, x,=0.01 m are greater compared to the case a;=30°, X,=0.02
m. Among the all studied cases, the #,=30°, x,=0.01 m case of the combined pitch-
plunge motion of the SD7003 airfoil is also the case having the highest mean lift
coefficient. On the other hand, while the local minimum value of the drag coefficient
of the aa=30°, x,=0.01 m case is smaller, the mean drag coefficient of the a;=30°,
Xa=0.02 m case is smaller. As said before, a,=30°, x,=0.02 m case of the pitching-
plunging SD7003 airfoil is the case having the lowest mean drag coefficient. Similar

81



to the phenomenon observed in the lift coefficient, the mean moment coefficient and
the local maximum value of the moment coefficient of the a;=30°, x,=0.01 m case is
greater. Similar to the previously discussed cases, hysteresis type of graphs is
obtained for the moment coefficient versus pitching amplitude distributions of both
cases. From these graphs, it can be concluded that the pitching-plunging motions of
SD7003 airfoil are stable, moment coefficient versus pitching amplitude curves have
negative slope, during the first and third quarters of the motion whereas they are
unstable, moment coefficient versus pitching amplitude curves have positive slope,

during the rest of the motion.
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Figure 5.3.4 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for pitching-
plunging (aa=30°, x,=0.01 m; k=2.4 and a,=30° x,=0.02 m; k=1.4) SD7003
airfoil.
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5.3.2 NACAOQ012 Airfoil Undergoing Combined Pitch-Plunge Motion

Results of the instantaneous vorticity contours of the NACA0012 airfoil undergoing
combined pitch-plunge motion having a,=30°, x,=0.01 m and a;=30° X,=0.02 m
obtained from the numerical and experimental studies are presented in Figure 5.3.5
and Figure 5.3.6, respectively. The results of the other cases of the pitching-plunging
NACAO0012 airfoil are given in Appendix A.3.2 section. An agreement between the
numerical experimental studies regarding to the type and location of the vortices over
the airfoil is also observed for these cases. As in the case of pitching-plunging
SD7003 airfoil, the agreement is observed to be better in the results of the case
a2=30°, X,=0.01 m since the case a,=30° X,=0.02 m is more oscillatory. As it can be
seen from the results obtained, the instantaneous maximum magnitude of the vortices
over the airfoil and their core radii depends on the amplitude of the motion. Namely,
both of them increase with the increase of the amplitude of the motion. Increasing the
plunging amplitude while the pitching amplitude is kept constant or increasing the
pitching amplitude while the plunging amplitude is kept constant makes both of them
to increase. Vortices are again observed to dissipate quicker in the lower amplitude
pitching-plunging motion cases compared to the higher amplitude pithing-plunging
motion cases. The instantaneous maximum vorticity magnitudes of the LEVs and
TEVs attached to the pitching-plunging NACAOQ012 airfoils, obtained from the
numerical and experimental calculations, are given in Table 5.3.3 and Table 5.3.4.
The results presented in these two tables also indicate that as the plunging amplitude
increases from 0.01 m to 0.02 m while the pitching amplitude is kept constant at 30°,
the vortices over the airfoil become stronger. Compared to the vortices over the
pitching-plunging SD7003 airfoils, the vortices over the pitching-plunging
NACAOQ012 airfoils are observed to be slightly weaker.

From the phenomenological point of view, at the beginning of the motion, at t/T=0.0,
a CCW rotating (red) TEV around the airfoil is observed in the numerical and
experimental results of both cases. Considering the results of the 3-D CFD and PIV

studies, the strength and location of this vortex is very close to each other. Yet, this
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vortex is observed to be stronger in the results of the 2-D CFD studies. Moreover, a
CW rotating (blue) LEV formation over the leading edge of the airfoil is also
observed at t/T=0.0 in all results of both cases. The strength of this vortex is again
very close to each other considering the results of the 3-D CFD and PIV studies. At
this time instant, a CCW rotating detached LEV formation, remaining from the
previous period, is also observed. CW rotating LEV observed at t/=0.0 develops at
t/T=0.2 and it detaches from the airfoil at t/T=0.4. Similarly, CCW rotating TEV
formed at t/T=0.0 start to detach from the airfoil at t/T=0.2 and it completely
detaches at t/T=0.4. The detached LEV and TEV are washed out by the free stream
and this results to a decrease in the lift coefficients during t/T=0.4 to t/T=0.55. At
t/T=0.4, new CCW rotating LEV and CW rotating TEV form over the airfoil and
they develop at t/T=0.6 resulting to an increase in the lift coefficients after this time.
These vortices detach from the airfoil at t/T=0.8 and this results again to a decrease
in the lift coefficients after t/T=0.8.

As in the case previously studied cases, the results of the 3-D CFD simulations and
PIV visualizations are found to be closer to each other by means of the instantaneous
vortices over the airfoil. The possible reason of this is thought to be the three-
dimensional effects existing. Furthermore, the dissipation rate of the vortices
observed in the results of the 3-D CFD simulations is higher compared to the other
cases. The results of the 2-D CFD simulations also differ from each other mainly
because of the difference of the resolution of the 2-D coarse and fine grid domains as

observed in all studied cases.

Moreover, deflected vortex patterns behind the airfoil are also observed in the results
of both cases. The vortices are deflected towards the upstream indicating a lift
generation. This is clearly observed in the results of the numerical and experimental
studies from t/T=0.2 to t/T=0.4 and t/T=0.6 to t/T=0.8. The lift coefficients of both
cases also increase during that time instants. For both cases, a positive mean lift
coefficient is also obtained considering the whole period, which also indicates a lift

generation by the airfoils.
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Figure 5.3.5 Instantaneous vorticity contours for pitching-plunging (az=30°,
Xa=0.01 m; k=2.4) NACAO0012 airfoil.
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Figure 5.3.6 Instantaneous vorticity contours for pitching-plunging (az=30°,
Xa=0.02 m; k=1.4) NACAO0012 airfoil.
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Table 5.3.3 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the pitching-plunging (aa=30° x,=0.01 m; k=2.4)
NACAOQ012 airfoil [1/s] (positive values indicate the CCW, negative values indicate
the CW rotating vortices).

wifh[;igelzg?rid i c[c))acrls:eDgrid D A
Vortex | LEV | TEV | LEV | TEV | Lev | TEV | LEV | TEV
UT=00 | -1238 | 890 | 903 | 585 | -7.54 | 287 | -7.06 | 4.78
yT=02 | 1335 | 751 | -1045 | 436 | -7.09 | 302 | -768 | 3.72
uT=04 | 378 | -11.24 | 498 | 654 | 616 | -6.75 | 565 | -6.31
yT=06 | 1210 | -885 | 1412 | -354 | 689 | -336 | 667 | -478
uT=08 | 934 | 728 | 805 | 661 | 321 | 638 | 298 | 632

Table 5.3.4 Comparison of the instantaneous maximum vorticity magnitudes of
LEVs and TEVs attached to the pitching-plunging (ea=30°, x,=0.02 m; k=1.4)
NACAO0012 airfoil [1/s] (positive values indicate the CCW, negative values indicate
the CW rotating vortices).

Wifh?‘igng)rid i c[c))aCrEeDgrid DD A
Vortex | LEV | TEV | LEV | TEV | Lev | TevV | LEv | TEV
t/T=0.0 | -14.57 11.54 -11.21 7.03 -8.54 4.09 -8.11 5.42
yT=02 | 1502 | 972 | -1219 | 580 | 916 | 386 | -885 | 450
uT=04 | 678 | -1368 | 583 | 901 | 7.20 | 891 | 654 | -858
UT=06 | 1362 | -077 | 1529 | -499 | 992 | -365 | 807 | -5.00
yT=08 | 1129 | 1008 | 1007 | 968 | 508 | 938 | 466 | 9.15

Instantaneous pressure coefficient contours of pitching-plunging («a=30°, x,=0.02
m; k=1.4) NACAO0012 airfoil obtained from the 2-D CFD simulations are presented
in Figure 5.3.7. The phenomena observed in this case are very similar to the pitching-
plunging (2a=30° x,=0.02 m; k=1.4) SD7003 airfoil case. Namely, from the
beginning of the period, t/T=0.0, to t/T=0.1, pressure at the upper surface of the
airfoil decreases as the airfoil start it movement from its initial position towards left.
As a result, lift coefficients follow a decreasing trend during that time period. The

local minimum value of the lift coefficient occur nearly at t/T=0.1 as in the case of
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pitching-plunging SD7003 airfoil. Following this time, overpressure region at the
lower surface of the airfoil start to increase and this continues until t/T=0.4. As a
result of this pressure increase, the lift coefficients also increase during t/T=0.1 to
t/T=0.4. The local maximum value of the lift coefficient occur at t/T=0.4. From
t/T=0.4 to t/T=0.6, pressure at the lower surface of the airfoil start to decrease as the
airfoil moves from left to right and this makes the lift coefficients to follow a
decreasing trend during that time period. After t/T=0.6, pressure at the upper surface
of the airfoil increases, which continues until the end of the period. After t/T=0.6, the
lift coefficient curve follows again an increasing trend until t/T=0.85, after which it

again decreases.

Cp: -2000 -16.00 -12.00 -800 -400 000 400 800 1000

05 K 15
uT=02 xlc uT=05 Xl uT=08 Xl

unit vector length: s

Figure 5.3.7 Instantaneous pressure coefficient (Cp) contours obtained from 2-D CFD
for pitching-plunging («a=30°, x,=0.02 m; k=1.4) NACAO0012 airfoil (vectors in red
color denote the magnitude of instantaneous total force with its direction).
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The instantaneous total force vectors are also presented in Figure 5.3.7. As it is
observed, except at t/T=0.2 and t/T=0.7, the direction of the total force vector and the
direction of the leading edge of the airfoil are the same. At t/T=0.25 and t/T=0.75,
after which the direction of motion changes, the rotational velocities fall to zero and
as a result, the magnitude of the total force vectors fall to zero. Starting from t/T=0.0
until t/T=0.15, magnitude of the total force vector decreases and this results to a
decrease in the drag coefficient during that time period too. Following this, total
force vector changes its direction and its magnitude increases until t/T=0.45. This
results to the further decrease of the drag coefficient and the local minimum value of
it occur at t/T=0.45. Between t/T=0.45 to t/T=0.65, the magnitude of the total force
vector decreases as the airfoil moves towards right. During that time period, the drag
coefficient increases. At t/T=0.65, the direction of the total force vector changes once
more and its magnitude start to increase, which continue until the end of the period.
The drag coefficient also start to increase after t/T=0.65. Negative sign of the drag
coefficients between t/T=0.15 and t/T=0.65 indicates a thrust production by the
airfoil. Considering the whole period, this pitching-plunging NACAOQ0012 airfoil case
can be said to be a thrust producing case.

Time histories of the aerodynamic force and moment coefficients and moment
coefficient versus pitching amplitude distributions obtained from the 2-D CFD
calculations of the pitching-plunging NACAQ012 airfoil are given in Figure 5.3.8.
The general trend of each curve is very similar for the fine and coarse grid
simulations of both cases. Again, the drag forces highly dominate the flow in both
cases. As in the case of pitching-plunging SD7003 airfoil, the local maximum value
of the lift coefficient and mean lift coefficient of the case having a,=30°, x,=0.02 m
are smaller compared to the case a;=30° x,=0.01 m. Similarly, the mean moment
coefficient and the local maximum value of the moment coefficient of the a,=30°,
Xa=0.01 m case is greater. On the other hand, while the local minimum value of the
drag coefficient of the ,=30° x,=0.02 m case is greater, the mean drag coefficient
of the @a=30°, x,=0.01 m case is greater. Similar to the other cases, hysteresis type of
graphs is obtained for the moment coefficient versus pitching amplitude distributions
of both cases. From these graphs, it can be concluded that the pitching-plunging
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motions of NACAO0012 airfoil are stable, moment coefficient versus pitching
amplitude curves have negative slope, during the first and second halves of the
downstroke and upstroke, respectively whereas they are unstable, moment coefficient
versus pitching amplitude curves have positive slope, during the second and first

halves of the downstroke and upstroke, respectively.
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Figure 5.3.8 Time histories of lift, drag and moment coefficients and moment
coefficient versus pitching angle distributions obtained from 2-D CFD for pitching-
plunging (0a=30° X,=0.01 m; k=2.4 and a,=30° x,=0.02 m; k=1.4) NACA0012
airfoil.
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5.4 Comparison of the Aerodynamic Force and Moment Coefficients

In Table 5.4.1, the mean aerodynamic force and moment coefficients obtained from
2-D CFD calculations for purely pitching four different airfoils are tabulated. As seen
in this table, as the pitching amplitude increases from 10° to 30° the mean lift
coefficient values exhibit an increasing behavior for SD7003 and NACA0012
airfoils. However, further increase of the pitching amplitude to 45° makes the mean
lift coefficient values to drop. This phenomenon is observed for all airfoils and the
maximum mean lift coefficients occur for the cases having pitching amplitude of 30°.
A similar behavior is observed for the mean drag coefficient values too. For SD7003
and NACAO0012 airfoils, it decreases with the increase of the pitching amplitude
from 10° to 30° and then follows an increasing trend from 30° to 45° for all airfoils.
Again, the minimum mean drag coefficients are obtained from the cases having
pitching amplitude of 30° for all airfoils. Except 10% thick flat plate airfoil, all other
airfoils have a negative mean drag coefficient indicating a thrust producing behavior
of these airfoils for the overall motion. And lastly, the general behavior of the mean
moment coefficient is similar for all airfoils such that it increases with the increasing
pitching amplitude. The cases having the highest pitching amplitude have the highest

mean moment coefficients for all airfoils.

As a result of the pure pitch motion studies, both of the highest mean lift coefficient
and the lowest mean drag coefficient are obtained from purely pitching (aa=30°;
k=3.8) SD7003 airfoil case whereas the highest mean moment coefficient is obtained
from purely pitching (a,=45°; k=2.5) NACA0012 airfoil case, which is also the case
having the highest mean moment coefficient among the all studied hovering motion

cases.
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Table 5.4.1 The mean aerodynamic force and moment coefficients obtained from
2-D CFD for pure pitch motion cases.

[0) 1 0, 1
SD7003 NACAQ012 1&{‘;&2@" 1&3 ;Ir;fek
aa | 100 | 300 | 452 | 100 | 30° | 45 | 30° | 45 | 300 | 45°
k 115 | 38 | 25 | 115 | 38 | 25 | 38 | 25 | 38 | 25
C_L 2.3838 | 2.7266 | 2.1287 | 1.7016 | 2.6219 | 2.1213 | 1.0698 | 0.3902 | 0.6032 | 0.1156
C_D -0.0701 | -0.5380 | -0.2401 | 0.0458 | -0.4358 | -0.1215 | -0.2265 | -0.0956 | 0.4502 | 0.5542
q -0.0998 | 0.2976 | 0.5872 | -0.0422 | 0.7780 | 1.0431 | -0.4907 | -0.0910 | -0.6430 | 0.2228

The mean aerodynamic force and moment coefficients obtained from 2-D CFD
calculations for purely plunging four different airfoils are given in Table 5.4.2. The
general trend of all coefficients is similar for all airfoils. In other words, the mean lift
coefficient and the mean drag coefficient values show a decreasing trend with the
increasing plunging amplitude for all airfoils studied. On the other hand, as in the
case of pure pitch motion, the mean moment coefficient values of all airfoils
increases as the plunging amplitude increases. The results of the pure plunge studies
indicate that the highest mean lift coefficient is obtained from purely plunging
(xa=0.01 m; k=3.0) SD7003 airfoil case while the lowest mean drag coefficient value
is obtained from purely plunging (x,=0.03 m; k=1.0) SD7003 airfoil case. The
highest mean moment coefficient, on the other hand, is obtained from purely
plunging (xa=0.03 m; k=1.0) NACAOQ012 airfoil case.

Table 5.4.2 The mean aerodynamic force and moment coefficients obtained from
2-D CFD for pure plunge motion cases.

10% Thick 10% Thick
Elliptical Flat Plate

0.01m | 0.02m | 0.03m | 0.01m | 0.02m | 0.03m | 0.01m | 0.02m | 0.01m | 0.02m
3.0 15 1.0 3.0 1.5 1.0 3.0 1.5 3.0 15

SD7003 NACA0012

0.5142 | 0.4471 | 0.3152 | 0.4759 | 0.4439 | 0.3035 | 0.0120 |-0.0224 | -0.0007 | -0.0716

0.1700 |-0.1927 | -0.3070 | 0.0591 | 0.0364 |-0.2898 ] 0.1602 | 0.0353 | 0.2627 | 0.1104

Ol Ol Ol = | &
|U|'_| 2

<

0.0091 | 0.2847 | 0.3791 | 0.1172 | 0.4248 | 0.5981 | 0.0437 | 0.0896 |-0.0697 | -0.0023

92



The tabulated data corresponding to the mean aerodynamic force and moment
coefficients obtained from 2-D CFD calculations for the airfoils undergoing
combined pitch-plunge motion are given in Table 5.4.3 and Table 5.4.4. From these
tables, it is observed that the mean lift coefficient values decrease while keeping the
pitching amplitude constant and increasing the plunging amplitude for all studied
cases. On the other hand, as in the case of pure pitch motion, they increase with the
increase of the pitching amplitude from 10° to 30° and from then starts to decrease
until 45° independently from the plunging amplitude. The highest mean lift
coefficients, for this reason, occur for the cases having a,=30° and x,=0.01 m for all
the cases. The mean drag coefficient values, on the other side, decrease while
keeping the pitching amplitude constant and increasing the plunging amplitude for all
studied cases. Additionally, they decrease with the increasing pitching amplitude
from 10° to 30° and then increase until 45° independently from the plunging
amplitude. As a result of this phenomenon, the lowest mean drag coefficients are
obtained from the cases having a;=30° and x,=0.02 m. Except all the cases of 10%
thick elliptical airfoil and ,=45° and x,=0.01 m case of NACA0012 airfoil, all other
cases have a negative mean drag coefficient indicating a thrust producing behavior of
these cases for the overall motion The mean moment coefficient values, however,
shows an increasing trend as the pitching or the plunging amplitude increases and
therefore, the highest mean moment coefficients are obtained from the cases having
2a=45° and x,=0.02 m.

From the results of the combined pitch-plunge studies, it is observed that the highest
mean lift coefficient and the lowest mean drag coefficient are obtained from the
cases of SD7003 airfoil having a;=30° X,=0.01; k=2.4 and a;=30°, X,=0.02; k=1.4,
which are also the cases having the highest mean lift coefficient and the lowest mean
drag coefficient among the all studied cases, respectively. The highest mean moment
coefficient, on the other side, is obtained from a,=45° x,=0.02; k=1.3 case of the
NACAOQ012 airfoil.
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Table 5.4.3 The mean aerodynamic force and moment coefficients obtained from

2-D CFD for combined pitch-plunge motion cases of SD7003 and NACA0012
airfoils.

SD7003 NACA0012
O 10° 30° 45° 10° 30° 45°
Xa 0.01m|0.02m | 0.01m | 0.02m | 0.01m | 0.02m} 0.01m| 0.02m | 0.01m | 0.02m | 0.01m | 0.02m
k 2.9 15 24 14 19 1.3 2.9 15 24 14 19 1.3
C_L 1.6549 | 1.1796 | 3.0414 | 2.1756 | 2.4568 | 1.7209 | 1.6260 | 1.0866 | 2.9341 | 1.8889 | 2.6810 | 1.8024
C_D -0.3497 | -0.4357 | -0.4636 | -0.5717 | -0.0934 | -0.1657 | -0.1863 | -0.2368 | -0.2913 | -0.3787 | 0.0368 | -0.1285
C_M 0.1430 | 0.2405 | 0.3568 | 0.4729 | 0.3734 | 0.5278 | 0.3159 | 0.4904 | 0.5629 | 0.6010 | 0.6525 | 0.9753

Table 5.4.4 The mean aerodynamic force and moment coefficients obtained from
2-D CFD for combined pitch-plunge motion cases of 10% thick elliptical airfoil.

10% Thick Elliptical
(2 30° 45°
Xa 0.0lm | 0.02m | 0.01m | 0.02m
k 24 14 1.9 1.3
C_L 1.9114 | 1.4534 | 1.5831 | 1.3943
C_D 0.4379 | 0.3592 | 0.7713 | 0.6190
C_M 0.4302 | 0.5282 | 0.6219 | 0.7228

Among the all studied hovering motion cases, the highest mean lift coefficient is
obtained from SD7003 airfoil case undergoing a combined pitch-plunge motion
(2a=30°, x,=0.01; k=2.4) whereas the lowest is obtained from purely plunging
(xa=0.02 m; k=1.5) 10% thick flat plate airfoil case. The lowest mean drag
coefficient is obtained from pitching-plunging (aa=30° x,=0.02; k=1.4) SD7003
airfoil case whereas pitching-plunging (ca=45°, X,=0.01 m; k=1.9) 10% thick
elliptical airfoil case gives the highest. Additionally, the highest mean moment
coefficient is obtained from the purely pitching (a,=45°; k=2.5) NACA0012 airfoil
case while the lowest is obtained from 10% thick flat plate airfoil case undergoing a
pure pitch motion (a,=30°; k=3.8).
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CHAPTER 6

CONCLUSION

6.1 General Conclusions

In this thesis, pure pitch, pure plunge and combined pitch-plunge modes of the
constant frequency and unsteady hovering motion of four different airfoils, SD7003,
NACAQ0012, 10% thick elliptical, 10% thick flat plate, are investigated by means of
the numerical simulations and experimental visualizations mainly in order to provide
a better understanding of the complex aerodynamics phenomena and the vortex
topology of flapping wings and to validate the newly built experimental setup with
the numerical simulations. The numerical and experimental investigations are also
extended over the hovering cases having different pitching and plunging amplitudes
to study the effect of these parameters on the different modes of hovering motion.
For this purpose, the flow field around the airfoils is visualized by solving the
unsteady, incompressible Navier-Stokes equations on the 2-D and 3-D computational
grids with Fluent v6.3.26. The aerodynamic force and moment coefficient versus
time histories and instantaneous vorticity contours are visualized for each mode of
motion. On the other hand, the instantaneous velocity field data of the flow around
the airfoils are acquired by the Particle Image Velocimetry (PIV) measurements.

After then, the results of the different types of visualizations are compared.
An agreement between the results of the numerical and experimental studies of the

investigated cases is obtained in terms of the instantaneous vortex structure of the
flow around the airfoils. The results acquired from the studies of the baseline test
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cases indicate that the results of the 3-D CFD simulations and PIVV measurements are
very close to each other in terms of the size, location and type of the vortices
observed throughout the whole period of motion. The possible reason of this
phenomenon is thought to be the three-dimensional effects existing. Nevertheless,
the results of these two studies are not exactly the same mainly because of the
experimental conditions that could not be modeled numerically. Applying a pressure
outlet boundary condition to the open surface area of the water tank instead of
applying a free surface boundary condition due to the incapableness of the numerical
tools is thought to be one of them. Furthermore, some discrepancies are observed
between the results of the 2-D CFD simulations and PIV visualizations as well as
between the results of the 2-D CFD with fine grid and coarse grid simulations. The
difference between the results of two different types of the 2-D CFD simulations is
observed to be very distinguishable. Namely, the interaction of the vortices generated
over the airfoil with the trace of the vortices remaining from the previous stroke is
observed in the results of the 2-D CFD with fine grid simulations. This can clearly be
observed in the results of the pure plunge studies. On the other hand, this
phenomenon is not very noticeable in the results of the 2-D CFD with coarse grid
simulations. Hence, it is concluded that the mesh intensity of the computational grid
domain strongly affects the formation of the vortices and their duration in the flow
field. The closer mesh intensity of the computational grid domain to the intensity of
the experimental solution domain, the closer results to the PIV visualizations are

obtained by the numerical simulations.

The pitching and plunging amplitudes are also observed to affect the magnitude, size
and duration of the vortices observed in the flow field. It is observed that the vortices
get stronger, become bigger in size and stay longer in the flow field as the pitching or
plunging amplitude of the motion is increased. The amplitude of the motion is also
observed to have an effect on the generation of the LEV in the pure pitch cases.
Namely, for the pure pitch cases having pitching amplitude of 10°, no LEV
generation by the airfoils is observed considering both the numerical and

experimental results obtained.
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It is also observed that the vortex patterns observed in the present study in terms of
the interaction of the vortices and aerodynamic force and moment generation are
very close to the results of the previous studies in the literature related to the flapping
wings in hover undergoing a sinusoidal motion, such as the studies of Freymuth [42],
Birch and Dickinson [83] and Wang et al. [62]. The flow phenomenon figured out in
the forward flapping flight studies of Jones and Platzer ([60], [82]) is also observed
in pure pitch and combined pitch-plunge cases studied. Namely, the vortex street
behind the airfoil undergoing pure pitch and combined pitch-plunge motions is
deflected towards upstream indicating a lift generation. The aerodynamic force time
histories of the airfoils undergoing those motions, obtained from the 2-D CFD

simulations, also support this phenomenon.

Considering the aerodynamic force and moment coefficients generated by the
airfoils, the general trend of the lift, drag and moment coefficient versus time curves
of the airfoils undergoing same type of hovering motion is observed to be similar.
Besides, very similar results are also obtained from the 2-D CFD simulations having
different mesh intensities of the pure pitch and combined pitch-plunge motions of the
baseline test cases in terms of the aerodynamic force and moment coefficient curves
whereas some discrepancies are observed between the different types of 2-D CFD
simulations of the pure plunge motions of them. It is also observed that the airfoils
undergoing combined pitch-plunge motion generated more lift and more thrust.
Because of this, among the all studied cases, the highest mean lift coefficient and the
lowest mean drag coefficient values are obtained from the pitching-plunging SD7003
airfoil cases having a,=30° X,=0.01 m and @,=30° x,=0.02 m, respectively.
Furthermore, 10% thick elliptical and 10% thick flat plate airfoils are observed to
produce fairly less lift and less thrust compared to the SD7003 and NACA0012
airfoils. Considering the moments generated by the airfoils, the highest mean
moment coefficient value is obtained from the purely pitching (a,=45° k=2.5)
NACAO0012 airfoil case. Since the NACAOQ0012 airfoil is the thickest airfoil

investigated during the present study, this result is thought to be expected.
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6.2 Recommendations for Further Studies

The present study is like a pilot study in order to show the capabilities of the newly
built PIV setup related to the investigation of the low frequency flapping wing
studies in hover. The results obtained from the present study can be said to be
consistent with the results of the numerical simulations and the results available in
the literature. The phenomena related to flapping wings can further be studied both
numerically and experimentally. For instance, impulsive start phenomenon of
different airfoils can be studied both numerically and experimentally. Using a time
resolved PIV (TR-PIV) system for the experimental visualization of the impulsive
start phenomenon is thought to be more beneficial. Moreover, the present study is
performed for a constant frequency hovering motion. In order to investigate the
effect of frequency of the hovering motion on the instantaneous aerodynamics
phenomenon of the flapping wings, the present studies can be extended over the
cases having various hovering motion frequencies. More complex modes of the
hovering motion, such as the figure-of-eight motion, can also be studied by
modifying the present experimental setup to make it to be capable of performing the

plunging motion in the vertical direction also.

Lastly, it is strongly suggested to the further researchers of this field to double check
the boundary condition applied at the wake of the airfoil in order not to have any
pressure discontinuities at the wake of the airfoil, to try to obtain a numerical
solution applying a wall boundary condition at the outer boundaries of the 2-D
numerical grids, to perform a 3-D numerical study with a finer grid domain, and to

try to obtain numerical solutions by applying central difference schemes.
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APPENDIX A

RESULTS OF THE CASE STUDIES

The results obtained from the numerical simulations and experimental visualizations
of the test cases, which are not discussed in Chapter 5 in order not to have any
confusion in that chapter, are presented in this section. These test cases are studied in
order to investigate the effects of pitching and plunging amplitudes and also airfoil
geometries on the constant frequency hovering motion in more detail by increasing
the size of the parameter space. As in the case of baseline test cases discussed in
Chapter 5, all the results presented in this section are also for the sixth period of the

motion.

The results obtained are presented in terms of the instantaneous vortex topologies for
the each studied case. The aerodynamic force and moment coefficient history graphs
corresponding to the desired period of the motion are also presented at the end of the
section. Similar results obtained for the baseline test cases are obtained from the
numerical and experimental studies of these test cases and it can be said that the good
agreement between the numerical and experimental results in terms of the unsteady

vortex fields observed in the baseline test cases is confirmed for these test cases too.
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A.1 Results of the Pure Pitch Motion

A.1.1 SD7003 Airfoil Undergoing Pure Pitch Motion

w[l/s]: -3.00 -225 -150 -075 000 075 150 225 3.00
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Figure A.1.1 Instantaneous vorticity contours for purely pitching (a,=10°; k=11.5)
SD7003 airfoil (2-D CFD: top row, PIV: bottom row).

A.1.2 NACAO0012 Airfoil Undergoing Pure Pitch Motion
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Figure A.1.2 Instantaneous vorticity contours for purely pitching (a,a=10°; k=11.5)
NACAOQ012 airfoil (2-D CFD: top row, PIV: bottom row).
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A.1.3 10% Thick Elliptical Airfoil Undergoing Pure Pitch Motion

w[l/s]: -3.00 -225 -150 -075 000 07 150 225 3.00

Figure A.1.3 Instantaneous vorticity contours for purely pitching (a,=30°% k=3.8)
10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row).
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Figure A.1.4 Instantaneous vorticity contours for purely pitching (a,=45°% k=2.5)
10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row).
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A.1.4 10% Thick Flat Plate Airfoil Undergoing Pure Pitch Motion
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Figure A.1.5 Instantaneous vorticity contours for purely pitching (a,=30°% k=3.8)
10% thick flat plate airfoil (2-D CFD: top row, PIV: bottom row).
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Figure A.1.6 Instantaneous vorticity contours for purely pitching (a,=45°% k=2.5)
10% thick flat plate airfoil (2-D CFD: top row, PIV: bottom row).
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A.2 Results of the Pure Plunge Motion

A.2.1 SD7003 Airfoil Undergoing Pure Plunge Motion
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Figure A.2.1 Instantaneous vorticity contours for purely plunging (Xa=0.03 m; k=1.0)
SD7003 airfoil (2-D CFD: top row, PIV: bottom row).

A.2.2 NACAQ012 Airfoil Undergoing Pure Plunge Motion
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Figure A.2.2 Instantaneous vorticity contours for purely plunging (xa=0.03 m; k=1.0)
NACAOQ012 airfoil (2-D CFD: top row, PIV: bottom row).
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A.2.3 10% Thick Elliptical Airfoil Undergoing Pure Plunge Motion

w[l/s]: -3.00 -225 -150 -075 000 07 150 225 3.00

Figure A.2.3 Instantaneous vorticity contours for purely plunging (Xa=0.01 m; k=3.0)
10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row).
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Figure A.2.4 Instantaneous vorticity contours for purely plunging (xa=0.02 m; k=1.5)
10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row).
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A.2.4 10% Thick Flat Plate Airfoil Undergoing Pure Plunge Motion

w[l/s]: -3.00 -225 -150 -075 000 07 150 225 3.00

Figure A.2.5 Instantaneous vorticity contours for purely plunging (Xa=0.01 m; k=3.0)
10% thick flat plate airfoil (2-D CFD: top row, PIV: bottom row).
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Figure A.2.6 Instantaneous vorticity contours for purely plunging (xa=0.02 m; k=1.5)
10% thick flat plate airfoil (2-D CFD: top row, PIV: bottom row).
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A.3 Results of the Combined Pitch-Plunge Motion

A.3.1 SD7003 Airfoil Undergoing Combined Pitch-Plunge Motion

w[l/s]: -3.00 -225 -150 -075 000 075 150 225 3.00

Figure A.3.1 Instantaneous vorticity contours for pitching-plunging (aa=10°
Xa=0.01 m; k=2.9) SD7003 airfoil (2-D CFD: top row, PIV: bottom row).

w[ls]: -3.00 -225 -1.50 -0.75 000 075 150 225 3.00

05 15 25

¥T=02

Figure A.3.2 Instantaneous vorticity contours for pitching-plunging (aa=10°
Xa=0.02 m; k=1.5) SD7003 airfoil (2-D CFD: top row, PIV: bottom row).
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w[l/s]: -3.00 -225 -150 -0.75 000 07 150 225 3.00

Figure A.3.3 Instantaneous vorticity contours for pitching-plunging («a=45°
Xa=0.01 m; k=1.9) SD7003 airfoil (2-D CFD: top row, PIV: bottom row).
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Figure A.3.4 Instantaneous vorticity contours for pitching-plunging (aa=45°
Xa=0.02 m; k=1.3) SD7003 airfoil (2-D CFD: top row, PIV: bottom row).

116



A.3.2 NACAO0012 Airfoil Undergoing Combined Pitch-Plunge Motion

w[l/s]: -3.00 -225 -150 -075 000 07 150 225 3.00

Figure A.3.5 Instantaneous vorticity contours for pitching-plunging (aa=10°, x,=0.01
m; k=2.9) NACAO0012 airfoil (2-D CFD: top row, PIV: bottom row).

w[lfg]: -3.00 -225 -150 -075 000 075 150 225 3.00

Figure A.3.6 Instantaneous vorticity contours for pitching-plunging (a=10°, x,=0.02
m; k=1.5) NACAO0012 airfoil (2-D CFD: top row, PIV: bottom row).
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w[lfs]: -3.00 -225 -150 -075 0.00 075 150 225 3.00

Figure A.3.7 Instantaneous vorticity contours for pitching-plunging (aa=45°, Xxa=0.01
m; k=1.9) NACAO0012 airfoil (2-D CFD: top row, PIV: bottom row).

w[lfs]: -3.00 -225 -150 -075 000 075 150 225 3.00

Figure A.3.8 Instantaneous vorticity contours for pitching-plunging (aa=45°, x,=0.02
m; k=1.3) NACAO0012 airfoil (2-D CFD: top row, PIV: bottom row).
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A.3.3 10% Thick Elliptical Airfoil Undergoing Combined Pitch-Plunge Motion

w[l/s]: -3.00 -225 -150 -075 000 07 150 225 3.00

Figure A.3.9 Instantaneous vorticity contours for pitching-plunging (aa=30°, xa=0.01
m; k=2.4) 10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom row)

w[lfg]: -3.00 -225 -150 -075 000 075 150 225 3.00

Figure A.3.10 Instantaneous vorticity contours for pitching-plunging (aa=30°
Xa=0.02 m; k=1.4) 10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom
row).
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w[l/s]: -3.00 -225 -150 -0.75 000 07 150 225 3.00

=02

Figure A.3.11 Instantaneous vorticity contours for pitching-plunging (aa=45°
Xa=0.01 m; k=1.9) 10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom
row).

w[lfg]: -3.00 -225 -150 -075 000 075 150 225 3.00

Figure A.3.12 Instantaneous vorticity contours for pitching-plunging (aa=45°
Xa=0.02 m; k=1.3) 10% thick elliptical airfoil (2-D CFD: top row, PIV: bottom
row).
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A.4 Comparison of the Aerodynamic Force and Moment Coefficients
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Figure A.4.1 Time histories of lift, drag and moment coefficients obtained from 2-D
CFD for purely pitching: [a] SD7003 airfoil (a,=10°; k=11.5), [b] NACA0012 airfoil
(22=10°% k=11.5), [c] 10% thick elliptical airfoil (a,=30°; k=3.8), [d] 10% thick
elliptical airfoil (aa=45°; k=2.5), [e] 10% thick flat plate airfoil (a,=30° k=3.8),
[f] 10% thick flat plate airfoil (a;=45°; k=2.5).
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Figure A.4.2 Time histories of lift, drag and moment coefficients obtained from 2-D

CFD for purely plunging: [a] SD7003 airfoil (x,=0.03 m; k=1.0), [b] NACA0012

airfoil (x,=0.03 m; k=1.0), [c] 10% thick elliptical airfoil (x,=0.01 m; k=3.0),

[d] 10% thick elliptical airfoil (x,=0.02 m; k=1.5), [e] 10% thick flat plate airfoil

(Xxa=0.01 m; k=3.0), [f] 10% thick flat plate airfoil (x,=0.02 m; k=1.5).
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Figure A.4.3 Time histories of lift, drag and moment coefficients obtained from 2-D
CFD for pitching-plunging SD7003 airfoil: [a] «,=10° x,=0.01 m; k=2.9 case,
[b] 2a=10° x,=0.02 m; k=1.5 case, [c] aa=45°, X,=0.01 m; k=1.9 case, [d] a,=45°,
Xa=0.02 m; k=1.3 case.
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Figure A.4.