
 

 

Dynamic Load Control of a Wind Turbine Blade using Synthetic Jets 

by 

Keith Robert Taylor 

A Thesis Submitted to the Graduate 

Faculty of Rensselaer Polytechnic Institute 

in Partial Fulfillment of  the 

Requirements for the degree of 

DOCTOR OF PHILOSOPHY 

Major Subject: Aeronautical Engineering 

 

Approved by the  

Examining Committee: 

 

_________________________________________ 

Michael Amitay, Thesis Adviser 

 

_________________________________________ 

Assad Oberai, Member 

 

_________________________________________ 

Isom Herron, Member 

 

_________________________________________ 

Onkar Sahni, Member 

 

 

 

 

 

 

 

Rensselaer Polytechnic Institute 

Troy, New York 

April 2014 

(For Graduation May 2014)   

  



 

 ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                  © Copyright 2014 

                                                               by 

                                                       Keith Taylor 

                                                 All Rights Reserved 



 

 iii 

CONTENTS 

LIST OF FIGURES .......................................................................................................... vi 

ABBREVIATIONS ......................................................................................................... xx 

NOMENCLATURE ....................................................................................................... xxi 

GREEK SYMBOLS ...................................................................................................... xxii 

ACKNOWLEDGMENT .............................................................................................. xxiii 

ABSTRACT ................................................................................................................. xxiv 

1. INTRODUCTION ....................................................................................................... 1 

1.1 Blade Design ...................................................................................................... 1 

1.2 Dynamic Stall ..................................................................................................... 5 

1.2.1 Dynamic Stall Modeling ........................................................................ 8 

1.2.2 Vortex Identification .............................................................................. 9 

1.3 Mechanical Load Control ................................................................................. 10 

1.3.1 Variable Speed Versus Fixed Speed Turbines ..................................... 11 

1.3.2 Stall Control ......................................................................................... 12 

1.3.3 Pitch Control ........................................................................................ 12 

1.4 Aerodynamic Flow Control.............................................................................. 13 

1.4.1 History of Aerodynamic Flow Control ................................................ 14 

1.4.2 Passive Aerodynamic Flow Control .................................................... 15 

1.4.3 Active Aerodynamic Flow Control ...................................................... 18 

1.5 The S809 Airfoil .............................................................................................. 22 

1.6 Summary of Literature Review ........................................................................ 23 

1.7 Motivation and Objectives ............................................................................... 23 

2. EXPERIMENTAL SETUP ....................................................................................... 27 

2.1 Coordinate Systems Employed ........................................................................ 27 

2.2 Description of Models Investigated ................................................................. 28 

2.2.1 Model Dimensions ............................................................................... 28 



 

 iv 

2.2.2 Location of Synthetic Jets .................................................................... 29 

2.2.3 Jet Actuation......................................................................................... 31 

2.2.4 Prescribing Dynamic Motion ............................................................... 32 

2.2.5 Description of Load Cell ...................................................................... 33 

2.2.6 Description of PIV System .................................................................. 34 

2.2.7 Description of Tip Deflection Measurement........................................ 36 

3. RESULTS .................................................................................................................. 40 

3.1 Load Cell Results of Alpha Model................................................................... 40 

3.1.1 Static Angle of Attack Results from the Alpha Model ........................ 41 

3.1.2 Dynamic Pitching Load Cell Results from the Alpha Model .............. 43 

3.2 Gamma Model Results ..................................................................................... 47 

3.2.1 Gamma Model Static Lift, Drag, and Pitch Results ............................. 47 

3.2.2 Static PIV Results for the Finite Span Configuration .......................... 47 

3.2.3 Comparing Infinite Span to Finite Span............................................... 48 

3.2.4 Gamma Model Dynamic Pitching Results ........................................... 51 

3.3 Flow Control on an S809 Airfoil ..................................................................... 73 

3.3.1 Flow Control Results – Infinite Span Configuration – Fixed Angles of 

Attack ................................................................................................... 73 

3.3.2 Examination of Loading under Dynamic Conditions .......................... 76 

3.3.3 Examining Tip Deflection under Dynamic Conditions ....................... 80 

3.3.4 Examining the Transition from Trailing Edge Separation to Fully 

Separated Flow – with Flow Control ................................................... 82 

3.4 Normalized Angular Momentum – Identifying Regions of Rotation in the Flow 

Field ................................................................................................................. 92 

3.5 Phase Averaging versus Instantaneous Results................................................ 95 

3.6 Effects of Spanwise Location on the Flow Field ............................................. 98 

3.7 Pulse Modulation ........................................................................................... 100 

3.8 Schematic of Dynamic Stall of an S809 Airfoil............................................. 102 



 

 v 

4. SUMMARY AND CONCLUSIONS ...................................................................... 204 

5. FUTURE WORK ..................................................................................................... 206 

BIBLIOGRAPHY.......................................................................................................... 208 

APPENDIX.................................................................................................................... 220 

 

  



 

 vi 

 

 

LIST OF FIGURES 

Figure 1.1: Schematic representation of dynamic stall. ................................................... 25 

Figure 1.2: Schematic example of the cross section of a synthetic jet. ........................... 26 

Figure 2.1: Experimental setup of infinite span configuration. ....................................... 37 

Figure 2.2: Characteristics and dimensions of Alpha Model. ......................................... 38 

Figure 2.3: Characteristics and dimensions of Gamma Model. ....................................... 38 

Figure 2.4: Location of strain gauges. ............................................................................. 39 

Figure 2.5: Schematic representation of pulse modulation actuation of the synthetic jets.

 ................................................................................................................................. 39 

Figure 3.1: Lift coefficient versus angle of attack for the Alpha Model at a Reynolds 

number of 220,000 for five different jet configurations. ....................................... 104 

Figure 3.2: Drag coefficient versus angle of attack for the Alpha Model at a Reynolds 

number of 220,000 for five different jet configurations. ....................................... 104 

Figure 3.3: Pitching moment coefficient versus angle of attack for the Alpha Model at a 

Reynolds number of 220,000 for five different jet configurations. ....................... 105 

Figure 3.4: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.0015,   = 14
o
, and αA = 5.5

o
.  The jets located at 10% chord are actuated......... 105 

Figure 3.5: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.015,   = 14
o
, and αA = 5.5

o
.  The jets located at 10% chord are actuated........... 106 

Figure 3.6: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.0015,   = 14
o
, and αA=5.5

o
.  Here, the jets are only actuated for a portion of the 

dynamic motion cycle, 30% (purple) and 50% (green).  The jets located at 10% 

chord are actuated. ................................................................................................. 106 

Figure 3.7: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.0015,   = 14
o
, and αA=5.5

o
.  The jets located at 10% chord are actuated in a pulse 

modulation fashion for the duration of a dynamic pitching cycle. ........................ 107 

Figure 3.8: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.015,   = 14
o
, and αA = 5.5

o
.  The jets located at 10% chord are actuated in a pulse 

modulation fashion for the duration of a dynamic pitching cycle. ........................ 107 



 

 vii 

Figure 3.9: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.0015,   = 14
o
, and αA = 5.5

o
.  The jets located at 10% chord are actuated in a 

pulse modulation fashion for the duration of a dynamic pitching cycle at varying 

modulation frequencies. ......................................................................................... 108 

Figure 3.10: The variation of the static lift, drag, and pitching moment coefficients with 

angle of attack for the finite span configuration of the Gamma Model. ................ 108 

Figure 3.11: Color contours of the total velocity and the spanwise vorticity under pre-

stall and post stall conditions, at fixed angles of attack. ........................................ 109 

Figure 3.12: Wall tangent velocity profile at 70% chord at  = 17
o
 (green), and 18

o 
angle 

of attack (blue), and as static angles of attack. ...................................................... 110 

Figure 3.13: Contours of total velocity fields superimposed with in-plane streamlines at 

four static angles of attack. Infinite span configuration (left column) and finite span 

configuration (right column). ................................................................................. 111 

Figure 3.14: Color contours of the fluctuating spanwise component of Reynolds stresses 

under pre-stall (A) and post stall (B) conditions.  Spanwise velocity component 

under pre-stall (C) and post stall (D) conditions.  Infinite span configuration. ..... 112 

Figure 3.15: Color contours of the fluctuating spanwise component of Reynolds stresses 

under pre-stall (A) and post stall (B) conditions.  Spanwise velocity component 

under pre-stall (C) and post stall (D) conditions.  Finite span configuration. ....... 113 

Figure 3.16: Comparison of TKE and the spanwise vorticity at  = 19 degrees angle of 

attack.  The left column is the infinite span configuration, and the right column is 

the finite span configuration. ................................................................................. 114 

Figure 3.17: Total velocity fields of the finite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 1

o
 increments between 

11
o
 and 19

o
 as the model is pitching to higher angles of attack. ........................... 115 

Figure 3.18: Normalized spanwise vorticity fields of the finite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 1

o
 

increments between 11
o
 and 19

o
 as the model is pitching up. ............................... 116 

Figure 3.19: TKE fields of the finite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 1

o
 increments between 

11
o
 and 19

o
 as the model is pitching up. ................................................................ 117 



 

 viii 

Figure 3.20: Line plots of wall tangent velocity at 30% chord for the finite span 

configuration.  These plots are generated from PIV data captured during dynamic 

motion conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 1

o
 increments 

between 11
o
 and 19

o
 as the model is pitching up. .................................................. 118 

Figure 3.21: Line plots of wall tangent velocity at 50% chord for the finite span 

configuration.  These plots are generated from PIV data captured during dynamic 

motion conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 1

o
 increments 

between 11
o
 and 19

o
 as the model is pitching up. .................................................. 119 

Figure 3.22: Line plots of wall tangent velocity at 70% chord for the finite span 

configuration.  These plots are generated from PIV data captured during dynamic 

motion conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 1

o
 increments 

between 11
o
 and 19

o
 as the model is pitching up. .................................................. 120 

Figure 3.23: Total velocity fields of the infinite span configuration during dynamic 

motion conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 1

o
 increments 

between 11
o
 and 19

o
 as the model is pitching up. .................................................. 121 

Figure 3.24: Vorticity fields of the infinite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 1

o
 increments between 

11
o
 and 19

o
 as the model is pitching up. ................................................................ 122 

Figure 3.25: TKE fields of the infinite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 1

o
 increments between 

11
o
 and 19

o
 as the model is pitching up. ................................................................ 123 

Figure 3.26: Line plots of wall tangent velocity at 30% chord for the infinite span 

configuration.  These plots are generated from PIV data captured during dynamic 

motion conditions prescribed by kf = 0.035,   = 14
o
, and αA = 5.5

o
 at 1

o
 increments 

between 11
o
 and 19

o
 as the model is pitching up. .................................................. 124 

Figure 3.27: Comparison of total velocity fields captured during dynamic motion 

prescribed by kf = 0.035,   = 14
o
, and αA = 5.5

o
 at 2

o
 increments between 13

o
 and 

19
o
 as the model pitches up between the infinite span configuration (left column) 

and finite span configuration (right column). ........................................................ 125 

Figure 3.28: Comparison of vorticity fields captured during dynamic motion prescribed 

by kf = 0.035,   = 14
o
, and αA = 5.5

o
 at 2

o
 increments between 13

o
 and 19

o
 as the 



 

 ix 

model pitches up between the infinite span configuration (left column) and finite 

span configuration (right column). ........................................................................ 126 

Figure 3.29: Comparison of TKE fields captured during dynamic motion prescribed by kf 

= 0.035,   = 14
o
, and αA = 5.5

o
 at 2

o
 increments between 13

o
 and 19

o
 as the model 

pitches up between the infinite span configuration (left column) and finite span 

configuration (right column). ................................................................................. 127 

Figure 3.30: Total velocity fields of the finite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,   = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between 17.7
o
 and 19.3

o
 as the model pitches up. ................................................. 128 

Figure 3.31: Normalized spanwise vorticity fields of the finite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, and αA = 5.5

o
 at 0.2

o
 

increments between 17.7
o
 and 19.3

o
 as the model pitches up. .............................. 129 

Figure 3.32: TKE fields of the finite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,   = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between 17.7
o
 and 19.3

o
 as the model pitches up. ................................................. 130 

Figure 3.33: Chordwise component of Reynolds stress fields of the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, 

and αA = 5.5
o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the model pitches up.

 ............................................................................................................................... 131 

Figure 3.34: Wall-normal component of Reynolds stress fields of the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, 

and αA = 5.5
o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the model pitches up.

 ............................................................................................................................... 132 

Figure 3.35: Spanwise component of Reynolds stress fields of the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, 

and αA = 5.5
o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the model pitches up.

 ............................................................................................................................... 133 

Figure 3.36: Line plots of wall tangent velocity at 30% chord of the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, 

and αA = 5.5
o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the model pitches up.

 ............................................................................................................................... 134 



 

 x 

Figure 3.37: Line plots of wall tangent velocity at 50% chord of the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, 

and αA = 5.5
o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the model pitches up.

 ............................................................................................................................... 135 

Figure 3.38: Line plots of wall tangent velocity at 70% chord of the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, 

and αA=5.5
o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the model pitches up. 136 

Figure 3.39: Line plots of wall normal velocity at 30% chord of the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, 

and αA = 5.5
o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the model pitches up.

 ............................................................................................................................... 137 

Figure 3.40: Line plots of normalized spanwise vorticity at 30% chord of the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, 

and αA = 5.5
o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the model pitches up.

 ............................................................................................................................... 138 

Figure 3.41: Line plots of TKE at 30% chord of the finite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, and αA=5.5

o
 at 0.2

o
 

increments between 17.7
o
 and 19.3

o
 as the model pitches up. .............................. 139 

Figure 3.42: Comparison of total velocity during dynamic conditions at two different 

reduced frequencies, kf = 0.035 (left column) and kf = 0.05 (right column) at 0.6
o
 

increments between 17.1
o
 and 19.2

o
 as the finite span model pitches up during 

dynamic motion conditions prescribed by   = 14
o
, and αA = 5.5

o
. ........................ 140 

Figure 3.43: Comparison of normalized vorticity during dynamic conditions at two 

different reduced frequencies, kf = 0.035 (left column) and kf = 0.05 (right column) 

at 0.6
o
 increments between 17.1

o
 and 19.2

o
 as the finite span model pitches up 

during dynamic motion conditions prescribed by   = 14
o
, and αA = 5.5

o
.............. 141 

Figure 3.44: Comparison of TKE during dynamic conditions at two different reduced 

frequencies, kf = 0.035 (left column) and kf = 0.05 (right column) at 0.6
o
 increments 

between 17.1
o
 and 19.2

o
 as the finite span model pitches up during dynamic motion 

conditions prescribed by   = 14
o
, and αA = 5.5

o
 .................................................... 142 



 

 xi 

Figure 3.45: Comparison of line plots of wall tangent velocity at 30% chord during 

dynamic conditions at two different reduced frequencies, kf = 0.035 and kf = 0.05 at 

0.6
o
 increments between 17.1

o
 and 19.2

o
 as the finite span model pitches up during 

dynamic motion conditions prescribed by   = 14
o
, and αA = 5.5

o
. ........................ 143 

Figure 3.46: Comparison of line plots of wall tangent velocity at 50% chord during 

dynamic conditions at two different reduced frequencies, kf = 0.035 and kf = 0.05 at 

0.6
o
 increments between 17.1

o
 and 19.2

o
 as the finite span model pitches up during 

dynamic motion conditions prescribed by   = 14
o
, and αA = 5.5

o
. ........................ 144 

Figure 3.47: Comparison of line plots of wall tangent velocity at 70% chord during 

dynamic conditions at two different reduced frequencies, kf = 0.035 and kf = 0.05 at 

0.6
o
 increments between 17.1

o
 and 19.2

o
 as the finite span model pitches up during 

dynamic motion conditions prescribed by   = 14
o
, and αA = 5.5

o
. ........................ 145 

Figure 3.48: Total velocity fields of the infinite span configuration during dynamic 

motion conditions prescribed by kf = 0.035,   = 14
o
, and αA = 5.5

o
 at 0.2

o
 

increments between 16.2
o
 and 18.4

o
 as the model pitches up. .............................. 146 

Figure 3.49: Normalized vorticity fields of the infinite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, and αA = 5.5

o
 at 0.2

o
 

increments between 16.2
o
 and 18.4

o
 as the model pitches up. .............................. 147 

Figure 3.50: TKE fields of the infinite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,   = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between 16.2
o
 and 18.4

o
 as the model pitches up. ................................................. 148 

Figure 3.51: Comparison of total velocity during dynamic between the infinite span 

configuration (left column) and finite span configuration (right column) at 0.8
o
 

increments between 16.4
o
 and 18.8

o
 as the finite span model pitches up during 

dynamic motion conditions prescribed by kf = 0.035 ,   = 14
o
, and αA = 5.5

o
. ..... 149 

Figure 3.52: Comparison of normalized vorticity during dynamic between the infinite 

span configuration (left column) and finite span configuration (right column) at 0.8
o
 

increments between 16.4
o
 and 18.8

o
 as the finite span model pitches up during 

dynamic motion conditions prescribed by kf = 0.035 ,   = 14
o
, and αA = 5.5

o
. ..... 150 

Figure 3.53: Comparison of TKE during dynamic between the infinite span configuration 

(left column) and finite span configuration (right column) at 0.8
o
 increments 



 

 xii 

between 16.4
o
 and 18.8

o
 as the finite span model pitches up during dynamic motion 

conditions prescribed by kf = 0.035 ,   = 14
o
, and αA = 5.5

o
. ................................ 151 

Figure 3.54: Total velocity fields at fixed angles of attack with the jets off (left column) 

and jets actuated at    = 6.5 x 10
-3

 (right column) at 2
o
 increments between 13

o
 and 

19
o
 for the infinite span configuration. .................................................................. 152 

Figure 3.55: Normalized spanwise vorticity fields at fixed angles of attack with the jets 

off (left column) and jets actuated at     = 6.5 x 10
-3

 (right column) at 2
o
 

increments between 13
o
 and 19

o
 for the infinite span configuration. .................... 153 

Figure 3.56: TKE fields at fixed angles of attack with the jets off (left column) and jets 

actuated at    = 6.5 x 10
-3

 (right column) at 2
o
 increments between 13

o
 and 19

o
 for 

the infinite span configuration. .............................................................................. 154 

Figure 3.57: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.05,   = 14
o
, and αA = 5.5

o
.  Gamma Model. ....................................................... 155 

Figure 3.58: Lift coefficient variation during the pitching cycle for varying levels of jet 

momentum injection strength at kf = 0.05,   = 14
o
, and αA = 5.5

o
.  At 0% the model 

is at   = 14
o
 and pitches up. ................................................................................... 156 

Figure 3.59: Drag coefficient variation during the pitching cycle for varying levels of jet 

momentum injection strength at kf = 0.05,   = 14
o
, and αA=5.5

o
.  At 0% the model 

is at   = 14
o
 and pitches up. ................................................................................... 157 

Figure 3.60: Pitching moment coefficient during the pitching cycle for varying levels of 

jet momentum injection strength at kf = 0.05,   = 14
o
, and αA=5.5

o
.  At 0% the 

model is at   = 14
o
 and pitches up. ........................................................................ 158 

Figure 3.61: Comparison of the normalized maximum lift coefficient versus normalized 

maximum tip deflection during the pitching cycle. ............................................... 159 

Figure 3.62: Normalized tip deflection during the pitching cycle for varying levels of jet 

momentum injection strength at kf = 0.05,   = 14
o
, and αA=5.5

o
.  At 0% the model 

is at   = 14
o
 and pitches up. ................................................................................... 160 

Figure 3.63: Total velocity fields with the jets off (left column),    = 1.3 x 10
-3

 (center 

column), and    = 6.5 x 10
-3

 (right column) at 1
o
 increments between 16

o
 and 19

o
 

during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
. ............................ 161 



 

 xiii 

Figure 3.64: Normalized spanwise vorticity fields with the jets off (left column),    = 

1.3 x 10
-3

 (center column), and    = 6.5 x 10
-3

 (right column) at 1
o
 increments 

between 16
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, and αA = 5.5

o
.

 ............................................................................................................................... 162 

Figure 3.65: TKE fields with the jets off (left column),    = 1.3 x 10
-3

 (center column), 

and    = 6.5 x 10
-3

 (right column) at 1
o
 increments between 16

o
 and 19

o
 during 

motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
. ....................................... 163 

Figure 3.66: TKE field at 19
0
 angle of attack as the blade is pitching DOWN at    = 6.5 

x 10
-3

 ...................................................................................................................... 164 

Figure 3.67: Chordwise component of Reynolds stress fields with the jets off (left 

column),    = 1.3 x 10
-3

 (center column), and    = 6.5 x 10
-3

 (right column) at 1.0
o
 

increments between 16
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, 

and αA = 5.5
o
. ......................................................................................................... 165 

Figure 3.68: Wall-normal component of Reynolds stress fields with the jets off (left 

column),    = 1.3 x 10
-3

 (center column), and    = 6.5 x 10
-3

 (right column) at 1.0
o
 

increments between 16
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, 

and αA = 5.5
o
. ......................................................................................................... 166 

Figure 3.69: Spanwise component of Reynolds stress fields with the jets off (left 

column),    = 1.3 x 10
-3

 (center column), and    = 6.5 x 10
-3

 (right column) at 1.0
o
 

increments between 16
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, 

and αA = 5.5
o
. ......................................................................................................... 167 

Figure 3.70: Line plots of wall tangent velocity at 30% chord during dynamic conditions 

at with the jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 

16
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, and αA = 5.5

o
. ........ 168 

Figure 3.71: Line plots of wall normal velocity at 30% chord during dynamic conditions 

at with the jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 

16
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, and αA = 5.5

o
. ........ 169 

Figure 3.72: Line plots of normalized spanwise vorticity at 30% chord during dynamic 

conditions at with the jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments 

between 16
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, and αA = 5.5

o
.

 ............................................................................................................................... 170 



 

 xiv 

Figure 3.73: Line plots of TKE at 30% chord during dynamic conditions at with the jets 

off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 16

o
 and 19

o
 

during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
. ............................ 171 

Figure 3.74: Line plots of wall tangent velocity at 50% chord during dynamic conditions 

at with the jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 

16
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, and αA = 5.5

o
. ........ 172 

Figure 3.75: Line plots of wall tangent velocity at 70% chord during dynamic conditions 

at with the jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 

16
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, and αA = 5.5

o
. ........ 173 

Figure 3.76: Total velocity fields with the jets off (left column) and jets actuated at    = 

1.3 x 10
-3

 (right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite 

span configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
.

 ............................................................................................................................... 174 

Figure 3.77: Normalized vorticity fields with the jets off (left column) and jets actuated 

at    = 1.3 x 10
-3

 (right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the 

finite span configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 

5.5
o
. ........................................................................................................................ 175 

Figure 3.78: TKE fields with the jets off (left column) and jets actuated at    = 1.3 x 10
-3

 

(right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span 

configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
. ..... 176 

Figure 3.79: Line plots of wall tangent velocity at 30% chord with the jets off and jets 

actuated at    = 1.3 x 10
-3

 at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite 

span configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
.

 ............................................................................................................................... 177 

Figure 3.80: Line plots of wall tangent velocity at 50% chord with the jets off and jets 

actuated at    = 1.3 x 10
-3

 at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite 

span configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
.

 ............................................................................................................................... 178 

Figure 3.81: Total velocity fields with the jets off (left column) and jets actuated at    = 

2.9 x 10
-3

 (right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite 



 

 xv 

span configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
.

 ............................................................................................................................... 179 

Figure 3.82: Total velocity field with jets actuated at    = 2.9 x 10
-3

 at 19.2
o
 for the 

finite span configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 

5.5
o
. ........................................................................................................................ 180 

Figure 3.83: Normalized spanwise vorticity fields with the jets off (left column) and jets 

actuated at    = 2.9 x 10
-3

 (right column) at 0.4
o
 increments between 17.6

o
 and 

18.8
o
 for the finite span configuration during motion conditions of kf = 0.035,   = 

14
o
, and αA = 5.5

o
. .................................................................................................. 181 

Figure 3.84: TKE fields with the jets off (left column) and jets actuated at    = 2.9 x 10
-3

 

(right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span 

configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
. ..... 182 

Figure 3.85: Line plots of wall tangent velocity at 30% chord with the jets off and jets 

actuated at    = 2.9 x 10
-3

 at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite 

span configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
.

 ............................................................................................................................... 183 

Figure 3.86: Line plots of wall tangent velocity at 50% chord with the jets off and jets 

actuated at    = 2.9 x 10
-3

 at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite 

span configuration during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
.

 ............................................................................................................................... 184 

Figure 3.87: Total velocity fields with the jets off (left column) and jets actuated at    = 

1.3 x 10
-3

 (right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite 

span configuration during motion conditions of kf = 0.05,   = 14
o
, and αA = 5.5

o
. 185 

Figure 3.88: Normalized spanwise vorticity fields with the jets off (left column) and jets 

actuated at    = 1.3 x 10
-3

 (right column) at 0.4
o
 increments between 17.6

o
 and 

18.8
o
 for the finite span configuration during motion conditions of kf = 0.05,   = 

14
o
, and αA = 5.5

o
. .................................................................................................. 186 

Figure 3.89: TKE fields with the jets off (left column) and jets actuated at    = 1.3 x 10
-3

 

(right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span 

configuration during motion conditions of kf = 0.05,   = 14
o
, and αA = 5.5

o
. ....... 187 



 

 xvi 

Figure 3.90: Q criterion (red contours) versus normalized angular momentum (NAM, 

peak indicated with blue marker) at a fixed angle of attack of 19
o
 for the infinite 

span configuration. ................................................................................................ 188 

Figure 3.91: Location of peak normalized angular momentum for the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,   = 14
o
, 

and αA = 5.5
o
 at 0.2

o
 increments between  = 17.1

o
 and 19.3

o
 as the model pitches 

up. .......................................................................................................................... 189 

Figure 3.92: Trace of the location of peak normalized angular momentum for the finite 

span configuration during dynamic motion conditions prescribed by kf = 0.035,   = 

14
o
, and αA = 5.5

o
 at 0.2

o
 increments between  = 17.1

o
 and 19.3

o
 as the model is 

pitching to higher angles of attack with the jets off (A),    = 1.3 x 10
-3

 (B),    = 

2.9 x 10
-3

 (C), and    = 6.5 x 10
-3

 (D). .................................................................. 190 

Figure 3.93: Comparison between phase-averaged total velocity field (A) and selected 

instantaneous total velocity fields (B-L) during dynamic motion conditions 

prescribed by kf = 0.05,   = 14
o
, and αA = 5.5

o
 at  = 19

o
 as the model pitches up.

 ............................................................................................................................... 191 

Figure 3.94: Comparison between phase-averaged normalized spanwise vorticity (A) 

and selected instantaneous normalized vorticity fields (B-L) during dynamic motion 

conditions prescribed by kf = 0.05,   = 14
o
, and αA = 5.5

o
 at  = 19

o
 as the model 

pitches up. .............................................................................................................. 192 

Figure 3.95: Comparison between phase-averaged location of peak NAM (A) and 

selected instantaneous locations of peak NAM (B-L) during dynamic motion 

conditions prescribed by kf = 0.05,   = 14
o
, and αA = 5.5

o
 at  = 19

o
 as the model 

pitches up. .............................................................................................................. 193 

Figure 3.96: Locations of peak NAM detected for 500 instantaneous flow fields with the 

jets off (A),    = 1.3 x 10
-3

 (B),   =2.9 x 10
-3

 (C), and    = 6.5 x 10
-3

 (D) during 

dynamic motion conditions prescribed by kf = 0.05,   = 14
o
, and αA = 5.5

o
 at  = 

19
o
 as the model is pitches up. ............................................................................... 194 

Figure 3.97: Total velocity fields at jet 2 (near tip, left column), jet 6 (mid span, center 

column), and jet 9 (near root, right column) at 2
o
 increments between  = 13

o
 and 



 

 xvii 

19
o
 during motion conditions of kf = 0.035,   = 14

o
, and αA = 5.5

o
 for the finite span 

configuration.  There is no jet actuation. ............................................................... 195 

Figure 3.98: Normalized spanwise vorticity fields at jet 2 (near tip, left column), jet 6 

(mid span, center column), and jet 9 (near root, right column) at 2
o
 increments 

between 13
o
 and 19

o
 during motion conditions of kf = 0.035,   = 14

o
, and αA = 5.5

o 

for the finite span configuration. ........................................................................... 196 

Figure 3.99: Total velocity fields at jet 2 (near tip, left column), jet 6 (mid span, center 

column), and jet 2 (near root, right column) at 2
o
 increments between 13

o
 and 19

o
 

during motion conditions of kf = 0.035,   = 14
o
, and αA = 5.5

o
 for the finite span 

configuration. ......................................................................................................... 197 

Figure 3.100: Normalized Vorticity fields at jet 2 (near tip, left column), jet 6 (mid span, 

center column), and jet 9 (near root, right column) at 2
o
 increments between 13

o
 and 

19
o
 during motion conditions of kf = 0.035,   = 14

o
, and αA = 5.5

o 
for the finite span 

configuration. ......................................................................................................... 198 

Figure 3.101: Total velocity fields around jet 2 (near tip) with the jets off (left column) 

and jets actuated at     =6.5 x 10
-3

 (right column) at 1.0
o
 increments between 16.0

o
 

and 19.0
o
 for the finite span configuration during motion conditions of kf = 0.05,   

= 14
o
, and αA = 5.5

o
. ............................................................................................... 199 

Figure 3.102: Normalized vorticity fields around jet 2 (near tip) with the jets off (left 

column) and jets actuated at    = 6.5 x 10
-3

 (right column) at 1.0
o
 increments 

between 16.0
o
 and 19.0

o
 for the finite span configuration during motion conditions 

of kf = 0.05,   = 14
o
, and αA = 5.5

o
. ....................................................................... 200 

Figure 3.103: TKE fields around jet two (near tip) with the jets off (left column) and jets 

actuated at    = 6.5 x 10
-3

 (right column) at 1
o
 increments between 16.0

o
 and 19.0

o
 

for the finite span configuration during motion conditions of kf = 0.05,   = 14
o
, and 

αA = 5.5
o
. ................................................................................................................ 201 

Figure 3.104: Lift, drag, and pitching moment coefficients variation with angle of attack 

at kf = 0.035,   = 14
o
, and αA = 5.5

o
.  The jets are actuated in a pulse modulation 

fashion for the duration of a dynamic pitching cycle with fm
+
 = 1.1 and a duty cycle 

of 20%. ................................................................................................................... 202 



 

 xviii 

Figure 3.105: Illustration of the transition from attached flow (A) to trailing edge 

separation (B) to fully separated flow (F) during a dynamic pitch motion as the 

model pitches up. ................................................................................................... 203 

Figure 0.1: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.05,   = 14
o
, and αA=8.0

o
.  The jets located at 13% chord are actuated . ............ 220 

Figure 0.2: Lift versus cycle % for varying levels of jet momentum injection strength at 

kf = 0.05,   = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at   = 14

o
 and is 

pitching upward. .................................................................................................... 221 

Figure 0.3: Drag versus cycle % for varying levels of jet momentum injection strength at 

kf = 0.05,   = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at   = 14

o
 and is 

pitching upward. .................................................................................................... 222 

Figure 0.4: Pitch Moment versus cycle % for varying levels of jet momentum injection 

strength at kf = 0.05,   = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at   = 14

o
 

and is pitching upward. .......................................................................................... 223 

Figure 0.5: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.05,   = 14
o
, and αA=10.0

o
.  The jets located at 13% chord are actuated. ........... 224 

Figure 0.6: Lift versus cycle % for varying levels of jet momentum injection strength at 

kf = 0.05,   = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at   = 14

o
 and is 

pitching upward. .................................................................................................... 225 

Figure 0.7: Drag versus cycle % for varying levels of jet momentum injection strength at 

kf = 0.05,   = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at   = 14

o
 and is 

pitching upward. .................................................................................................... 226 

Figure 0.8: Pitch Moment versus cycle % for varying levels of jet momentum injection 

strength at kf = 0.05,   = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at   = 14

o
 

and is pitching upward. .......................................................................................... 227 

Figure 0.9: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.035,   = 14
o
, and αA=8.0

o
.  The jets located at 13% chord are actuated. ........... 228 

Figure 0.10: Lift versus cycle % for varying levels of jet momentum injection strength at 

kf = 0.035,   = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at   = 14

o
 and is 

pitching upward. .................................................................................................... 229 



 

 xix 

Figure 0.11: Drag versus cycle % for varying levels of jet momentum injection strength 

at kf = 0.035,   = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at   = 14

o
 and is 

pitching upward. .................................................................................................... 230 

Figure 0.12: Pitch moment versus cycle % for varying levels of jet momentum injection 

strength at kf = 0.035,   = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at   = 14

o
 

and is pitching upward. .......................................................................................... 231 

Figure 0.13: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 

0.035,   = 14
o
, and αA=10.0

o
.  The jets located at 13% chord are actuated. ......... 232 

Figure 0.14: Lift versus cycle % for varying levels of jet momentum injection strength at 

kf = 0.035,   = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at   = 14

o
 and is 

pitching upward. .................................................................................................... 233 

Figure 0.15: Drag versus cycle % for varying levels of jet momentum injection strength 

at kf = 0.035,   = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at   = 14

o
 and is 

pitching upward. .................................................................................................... 234 

Figure 0.16: Pitch Moment versus cycle % for varying levels of jet momentum injection 

strength at kf = 0.035,   = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at   = 14

o
 

and is pitching upward. .......................................................................................... 235 

 

  



 

 xx 

ABBREVIATIONS 

 

AIAA  American Institute of Aeronautics and Astronautics 

AFC  Aerodynamic Flow Control 

CCD  Charge-Coupled Device 

CeFPaC Center for Flow Physics and Control 

HAWT Horizontal Axis Wind Turbine 

NACA  National Advisory Committee for Aeronautics 

NAM  Normalized Angular Momentum 

NSF  National Science Foundation 

NREL   National Renewable Energy Laboratory 

NYSERDA New York State Energy Research and Development Authority 

PIV  Particle Image Velocimetry 

RMS  Root Mean Squared 

RPI  Rensselaer Polytechnic Institute 

SLA  Stereolithography 

SPIV  Stereoscopic Particle Image Velocimetry 

TKE  Turbulent Kinetic Energy 

 

  



 

 xxi 

 

NOMENCLATURE 

 

ASJ = Area of synthetic jet orifice 

AW = Plan form area of model 

AR = Aspect Ratio 

c = Chord of model 

Cµ = Momentum Coefficient 

D = Drag 

F
+
 = Normalized Frequency 

fj = Synthetic jet actuation frequency 

  
  = Normalized modulation frequency 

fp = Pitching frequency of model 

Ij = Momentum injected by synthetic jet during outstroke 

K* = Normalized turbulent kinetic energy 

kf = Reduced frequency 

L = Lift 

r = distance vector used to calculate NAM 

Re = Reynolds Number 

Rec = Reynolds number based on chord length and free stream velocity 

n = Number of synthetic Jets Actuated 

ns = Number of stall cells predicted 

N = Size of interrogation window for NAM calculation 

Tf* = Normalized Tip Deflection 

U = Chordwise velocity 

   = Free stream velocity 

u(Mi) = Velocity vector used to calculate NAM 

uSJ = Velocity of synthetic jet in its orifice 

u*’ = Normalized unsteady component of chordwise velocity 

V = Normal Velocity (with respect to chord and span) 

v*’ = Normalized unsteady component of normal velocity 



 

 xxii 

W = Spanwise Velocity 

w*’ = Normalized unsteady component of spanwise velocity 

X = Laboratory frame chordwise axis 

Y = Laboratory frame Normal axis (vertical axis) 

Y* = Normalized distance from model surface, normal to surface 

Z = Laboratory frame spanwise axis 

 

GREEK SYMBOLS 

 

α = Angle of attack 

 ̅ = Average angle of attack 

αA = Amplitude of oscillation of pitching motion 

  = Circulation 

   = Dynamic viscosity 

    = Density of fluid ejected by synthetic jet 

   = Free stream density 

τ = Outstroke time of synthetic jet 

ω = angular frequency of pitching motion 

   = Spanwise vorticity 

Ω* = Normalized vorticity 

 



 

 xxiii 

ACKNOWLEDGMENT 

This work has been partially funded by the National Science Foundation, as well as the 

New York State Energy Research and Development Authority. 

Several individuals deserve recognition and thanks for their contributions and 

support during the course of this work.  First and foremost, I would like to thank Dr. 

Michael Amitay, who has supported myself since 2009, and took me on and allowed me 

significant latitude, and afforded me significant patience as I transitioned from a 

physicist to an engineer.   

Secondly, I would like to thank Dave DiGiulio, who was always there to fix this and 

build that aspect of the various models I investigated.  Without his support, it would 

have been significantly more difficult, and would have taken much more time, to 

complete this work. 

I would like to thank my committee for their consideration of this dissertation.  I 

have had the pleasure of either working with, or received instruction from, each member 

of this committee, and their insights into Aerodynamics have certainly helped prepare 

me to take on this endeavor. 

Finally, I would like to acknowledge the support of the past and present members of 

my laboratory group.  Each, in their own way, has helped push me, and helped challenge 

me to work harder, to think smarter, and better consider how to effectively communicate 

the lessons learned while undertaking this project. 

And of course, none of this would have been possible without the support of my 

father.  He has always faithfully supported my education, and my pursuit of my dreams, 

in a myriad of ways.  I would not be here today if not for him. 

 



 

 xxiv 

ABSTRACT 

Understanding and implementing engineering techniques that serve the purpose of 

reducing structural vibrations and load variations in wind turbine blades is of critical 

importance to the goal of reducing the cost of energy of wind energy systems.  The 

effectiveness in reducing structural vibrations and load oscillations of a finite span S809 

airfoil was investigated experimentally in the Rensselaer Polytechnic Institute’s low 

speed wind tunnel at the Center for Flow Physics and Control (CeFPaC).  The structural 

vibrations and load oscillations arose due to prescribed dynamic pitching parameters 

corresponding to non-dimensional motion parameters typically seen in field conditions.  

Aerodynamic loading was measured through a six component load cell located at the 

root of the model.  Two-component and three-component velocity fields were measured 

through the use of a stereoscopic PIV system.  Structural vibrations were measured 

through the use of strain gauges placed at the base of the model, and tip deflection was 

inferred by calibrating voltage variations in the strain gauges with tip deflections 

measured by a laser displacement sensor.  

This study demonstrated that, through the introduction of periodic momentum near 

the leading edge of this model, the average tip deflection could be reduced under 

dynamic conditions.  Furthermore, it was demonstrated that, at certain levels of 

momentum injection, tip deflections might actually be enhanced.  Where load 

oscillations during dynamic conditions were observed, a similar trend occured.  Certain 

levels of momentum injection resulted in higher oscillations in loading observed during 

dynamic pitching, where higher momentum injection levels reduced load oscillations 

during dynamic cycles.  This work concludes with the suggestion that, moving to full 

scale testing of this flow control system, it will be necessary to provide sufficiently high 

momentum injection such that damage will not occur from the implementation and 

actuation of a flow control system. 

This process seems to be the result of changing how the flow field transitions from 

trailing edge separation to a fully separated flow.  In a phase-averaged sense, this is 

defined by the creation of a phase averaged leading edge recirculation region, which 

interacts with the trailing edge separation.  Through the introduction of momentum near 



 

 xxv 

the leading edge, this process can be altered, such that the phase averaged trailing edge 

separation region is the dominant structure present in the flow.   
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1. INTRODUCTION 

Wind Energy has seen significant growth as a source of energy in the power grids of 

both the United States and the world at large (U.S. Department of Energy, 2011) (Mabel 

& Fernandez, 2008), (Michalak & Zimmy, 2011).  From the end of 2010 until the end of 

the second quarter of 2013, total installed capacity increased from 200 MW to 296 MW, 

an increase of 33% in the span of three and half years.  At present, installed wind turbine 

capacity is capable of providing 3.5% of the world’s electricity demand (World Wind 

Energy Association, 2013).  While this growth is encouraging, especially in context of a 

society wide desire to move to sustainable energy, challenges in cost have been 

identified.  One of the challenges facing wind energy is the improvement of reliability 

(U.S. Department of Energy, 2011).  This is one of the factors that drives the cost of 

energy higher, when compared with traditional energy sources, such as coal.  Reliability 

does not only involve costs associated with the replacement of components which have 

failed during the lifetime of a turbine, but the lost income that occurs during a downtime 

associated with failures, and the labor costs to transport and install replacement 

components.  The sum of these issues drive up cost, and are a result of the inherent 

variability of the captured energy resource, the wind (Walford, 2006). 

Even with best case estimates, onshore wind energy will cost 20% more than 

coal based energy, and offshore wind energy will cost twice as much as coal energy, 

when considering the cost per kilowatt hour paid by the end consumer for the 

foreseeable future (Tidball, Bluestein, Rodriguez, & Knoke, 2010).  Certainly, 

legislation and external factors associated with the cost of the production of coal or wind 

could impact this picture, but, if wind energy were to become as cheap as or cheaper 

than a coal based energy solution, its adoption on a wider scale is anticipated to become 

a reality.   

1.1 Blade Design 

Initially, prior to the 1980’s, wind turbines were designed and built using conventional 

airfoils.  Conventional airfoils (Such as those from the NACA database) were readily 

available, and had established aerodynamic performance curves and load information 

(Miley, 1982).  The 1980’s saw significant research into the development of so called 



 

 2 

“wind turbine first” wind turbine blade, which arose from research at the National 

Renewable Energy Labs (NREL), and various researchers in Europe (Richardson & 

McNerney, 1993), (Tangler & Somers, 1995).  Thus, by the early 1990’s, commercial 

wind turbines typically were deployed with such wind turbine first airfoils (Sorensen, 

2011).  However, issues remained to be tackled even with this paradigm shift in wind 

turbine engineering. 

A factor contributing to reliability of wind turbine blades is unsteady blade 

loading.  Thus, it is important first to consider whether changes to the airfoil cross 

section of wind turbine blades can address or alleviate issues that arise from unsteady 

loading, or if blades can be designed such that they are capable of standing up to 

increased load variations.  Veers et al. identified in 2003 that if the blade design itself 

could be altered such that loading could be reduced by 10 % to 20%, the cost of energy 

could be reduced through savings realized by prolonging the life of the tower, drive 

train, and blades themselves (Veers, et al., 2003).  Certainly, accepting current blade 

structural designs and achieving such an objective through active systems would seem to 

be a logical approach.  However, modifying blades and increasing complexity will result 

in the need to consider tradeoffs in wind turbine design (Cohen, et al., 2006).  Increasing 

complexity may yield higher energy capture, but at the cost of increasing the cost of 

energy per kilowatt hour.  Thus, it is important that any increase in complexity of a wind 

turbine (i.e. the use of active flow control, discussed in section 1.4) more than 

completely pay for itself, not only in the short term, but the long term.  Thus, active 

systems added to wind turbines would by necessity be robust, reliable, cheap, and 

relatively low in energy to power compared to the power captured by the wind turbine 

such systems were installed on (Cohen, et al., 2006).   

Cohen et al. also identifies that, while structural loads have been successfully 

mitigated through passive and active methods (which are discussed in sections 1.3 and 

1.4), as turbines grow, gravity loads increase as the cube of the length of the blade.  This 

can logically be extended to infer that blades must become lighter on a per unit span 

length basis, in order to accommodate the increase in total mass.  This means, that as 

wind turbines drive to become larger and larger they will become more and more 

susceptible to structural vibration (van der Tempel & Molenaar, 2002), (Natarajan, 
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2014).  As of the fourth quarter of 2013, the largest wind turbine on the market, the 

Vestas V164 8.0 MW turbine has a diameter of 164 m.  However, to move beyond this 

blade length, to a rotor diameter of 200 m, it will be necessary to research new 

technology concepts, materials, and manufacturing processes, to produce blades which 

can stand up to their own gravitational loading (Natarajan, 2014).  Even at this current 

limit, a 60 m blade typically will bend 10% of its length in the flapwise direction, and 

10% in its chore wise direction.  While under steady load, this may not be an issue, 

under unsteady loads, it is safe to assume flapwise tip vibration amplitudes on this order 

of 10% spanwise length.  Clearly, the cumulative effect of such large scale vibrations 

would lead to fatigue failure of blades, and potentially translate to failure of additional 

wind turbine components.   

Efforts to address and provide novel blade designs have been undertaken 

recently.  Griffin in 2002 identified the need for the adoption of lighter weight blades 

comprised of carbon fiber and other advanced composites (Griffin, 2002).  These blades 

both have the advantage of handling higher loading, and at costs lower than previous 

manufacturing methods.  However, the adoption of carbon fiber blades resulted in 

increased maximum bending as blades moved into the 60m regime.   

Flatback blades are a relatively new concept to wind energy.  Flatback airfoils 

are generated by opening up the trailing edge of the airfoil, preserving the camber line of 

the airfoil (Berg & Zayas, 2008).  Flatback airfoils have the advantage of reducing the 

mass of the blades further, by eliminating material, and as the remaining material is 

thicker along the resulting camber line, the structural integrity of the resulting blade is 

enhanced (TPI Composites, Inc., 2004).  However, these blades come with the increased 

susceptibility to leading edge contamination and increased aero acoustic output.  While 

aeroacoustic emissions primarily originate from the leading edge of traditional wind 

turbine blades (and any rotating system), the sharp edge that arises from the design of 

these blades introduce an additional source of aero acoustic issues, and further 

underscore the need to approach the issue of load mitigation from  a different 

engineering perspective.  In fact, recent research suggests that maintaining a thin trailing 

edge, but one that is serrated, will further reduce aero acoustic emissions (Oerlemans, 

Fisher, Maeder, & Kogler, 2009). 
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Chen et al. in 2012 investigated creating and optimizing flatback airfoils through 

genetic algorithms.  This study demonstrated that flatback airfoils are effective at power 

generation, and that there is potential from baseline designs to improve the operational 

envelop of a given blade, by optimizing the design through refinement in a genetic 

algorithm.  In particular, flatback airfoils that exhibit stall angles at 10
o
 can be refined to 

move that stall angle to 18
o
, and the change in loading from pre-stall to post stall 

conditions at fixed angles of attack is not as pronounced (Chen & Agarwal, 2012).  

 However, these blade designs are passive in nature, in that, absent flaps or other 

mechanical control devices, the aerodynamics, and thus loading, of these blades, are 

based solely on geometry.  And, since blade weight must be reduced on a per unit span 

basis, a competing interest arise with respect to improving blade life.  Make a blade 

strong enough, and it will stand up to load oscillations, but it will be too heavy to be 

supported.  Create a blade that is light enough to rotate properly, and that blade becomes 

susceptible to destruction through load oscillation.  An additional method of load control 

through other means, effected in a low cost manner, would allow for the increase of 

envelop of load modification of wind turbine blades beyond what is achievable through 

blade design alone.  This work seeks to investigate the potential for load modification, 

and mitigation thereof, through active means, and not by addressing the structure of a 

wind turbine blade. 

The unsteadiness of blade loading is due to the inherent unsteady nature of wind, 

which varies in both magnitude and direction on several time scales, particularly as 

compared to wind tunnel results (Oboukhov, 1961), (Riziotis & Voutsinas, 2000).  In 

addition to the unsteady nature of the input energy to be captured (i.e., the kinetic energy 

contained in the atmosphere, to wit, wind), the issues that arise due to the aerodynamics 

of a rotating system must also be considered.  Understanding and modeling the unsteady 

aerodynamic loading of wind turbines is still an active area of interest (Hansen & 

Madsen, 2011).  Offshore wind turbines provide an additional level of complexity, as the 

plane of rotation of the wind turbine blades can also change with respect to the axis 

defined by gravity.  In other words, the entire wind turbine and tower may change 

orientation with respect to the average surface of the ocean (Jonkman J. M., 2007) 
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One may be inclined to ask: What about free stream turbulence?  Could this provide 

another aspect of unsteadiness to address?  Oddly enough, that does not appear to be the 

case.  As variable speed wind turbines were developed, experimental evidence arose that 

suggested rough wind (i.e. wind with high free stream turbulence) yielded higher power 

capture than smooth wind (i.e. wind with low free stream turbulence).  In addition, it was 

suggested that variable speed turbines are not greatly impacted in power capture due to 

free stream turbulence (Muljadi, Butterfield, & Bulh, Jr., 1997).   

Wind velocity at a given location is typically characterized by the average velocity 

over a 10 minute window.  This is done in order to characterize the long term changes in 

intensity.  Yet, even in a given 10 minute window there can be significant variations in 

magnitude.  In addition to these temporal effects (and multiple temporal scales), the 

atmospheric boundary layer itself results in a variation of velocity along the vertical 

direction of the plane defined by the blades of a horizontal axis wind turbine (HAWT), 

or variation in incoming velocity along the axis of rotation of a vertical axis wind turbine 

(VAWT) (Plate, 1971), (Shen, Zhu, & Du, 2011), (Larsen & Hanson, 2007).  The wind 

energy community has already identified these issues as contributing factors in unsteady 

blade loading.   And, as turbines became larger and larger, it became clear that the 

aerodynamics involved in these large rotating systems was more complicated than the 

community at large took for granted (Simms, Schreck, Hand, & Fingersh, 2001).   

Understanding and modeling the unsteady aerodynamics of wind turbines in general 

is a critical component to further development of wind turbine technology, particularly 

in order to continue to increase the scale of wind turbines (Leishman J. G., 2002), and a 

key aspect of unsteady aerodynamics is the phenomenon  of Dynamic Stall. 

1.2 Dynamic Stall 

Dynamic stall is a phenomenon characterized by unsteadiness in flow around an 

airfoil undergoing unsteady motion through angles of attack near or higher than the static 

stall angle of attack of such an airfoil (McCroskey W. , 1981).  Historically, airfoils were 

characterized by different types of stall and separated flow types.  The type of separation 

and stall exhibited by airfoils was originally anticipated to not be limited to one type 

defined by the airfoil.  However, as a general trend, different stall types could be seen at 
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different thickness ratios.  McCullough and Gault (1951) identified three types of stall 

conditions:  Trailing edge stall, leading edge stall, and thin airfoil stall (McCullough & 

Gault, 1951).  Trailing edge stall is the apparent movement of the separation point from 

nearer to the trailing edge toward the leading edge.  Leading edge stall is the sudden 

separation of flow near the leading edge.  Thin airfoil separation is it was originally 

known is now treated as the so called ‘separation bubble’, and can be exhibited in a 

laminar fashion (Tani, 1964), or may be of a turbulent variety (Kiya & Sasaki, 1983).  

The presence of a separation bubble can result in parasitic drag, particularly when the 

chord based Reynolds number is lower than 200,000.  This effect is mitigated, by and 

large, as the chord base Reynolds number rises above this cutoff (Mueller & DeLaurier, 

2003). 

In time, this separation bubble was seen to be a component of dynamic stall, where 

the formation, and subsequent bursting of a separation bubble, was a step in the process 

of the changeover from attached to separated flow under dynamic pitching conditions 

(Currier & Fung, 1992).  Thusly, dynamic stall will be discussed as either a “leading 

edge dynamic stall” or “trailing edge dynamic stall”, and separation bubbles will be 

taken to be an aerodynamic condition that impacts these two stall scenarios. 

Dynamic stall has the effect of increasing lift during dynamic pitching conditions 

over lift exhibited at steady angles of attack. (McCroskey, Carr, & McAlister, Dynamic 

Stall Experiments on Oscillating Airfoils, 1976).  The increase in lift depends on the 

extent to which the airfoil is pitched into stall conditions.  Light Stall can be 

characterized as the general loss of lift and increase in drag as the airfoil only briefly 

goes beyond the static stall angle.  Deep stall is characterized by the angle of attack 

exceeding the static stall angle for significant portions of time, or significantly exceeding 

the stall angle by several degrees (McCroskey W. J., Unsteady Airfoils, 1982).  The 

hysteresis of lift, drag, and pitching moments are tell-tale indicators of the regime 

experienced by a dynamically pitching blade (see Figure 1.1). As the lift increase beyond 

the maximum lift seen during deep stall is significantly higher than the enhanced lift 

seen during light stall conditions.  It is even possible that the maximum lift is not 

significantly higher than static lift during light stall conditions (McCroskey W. J., 

Unsteady Airfoils, 1982).  Dynamic stall can also occur, and be impacted by, the 
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plunging motion of the airfoil coupled with the changing angle of attack (Ol, Bernal, 

Kang, & Shyy, 2009).  Thus, it can be anticipated to be present even on highly bendable 

wind turbine blades, which are becoming more and more common.   

Early Research into dynamic stall suggested that this increase in lift could be 

attributed to the formation and shedding of a large scale vortex from the leading edge of 

the pitching airfoil (McCroskey W. , 1981), (Mulleners & Raffel, Dynamic Stall 

Development, 2013), which was taken to be an expected component of dynamic stall 

(Sheng, Galbraith, & Coton, 2008).  If several dynamic cycles are observed and phase 

averaged, there is a distinct, large-scale structure that is apparent in the phase averaged 

flow field.  This can be seen in Figure 1.1 (McCroskey W. , 1981).  The classic picture 

of dynamic stall is the formation of a leading edge vortical structure which convects 

down stream, temporarily increasing lift as it convects downstream (McCroskey W. , 

1981).  After this structure has fully convected away from the airfoil, lift drops as the 

flow is now fully separated.  

 However, the phase-averaged flow field may miss certain information.  It may be 

that at any instantaneous time, there are multiple vortical structures present in the flow 

field, but phase averaging with respect to the phase of the motion of the model 

investigated “washes out” this information, and it is lost (Pruski & Bowersox, 2013). 

Computation results reflect this picture as well.  CFD results may show a single rotating 

structure, where experimental results will reveal a richer mosaic of smaller (occasionally 

larger) coherent structures.  Thus, it will appear that there is significant variation 

between CFD results and measured results when the angle of attack enters into deep stall 

conditions (Medida & Baeder, 2012), (Spentzos, et al., 2005), (Ke & Edwards, 2013), 

but this may be a reflection of the nature by which the CFD calculations are performed 

(Visbal, 2014).  If CFD calculations are performed in such a manner that the calculations 

mimic the phase averaging of multiple experimentally obtained instantaneous flow 

fields, then a divergence between CFD results and instantaneous flow fields captured 

experimentally is to be expected.   

It has been identified since the mid 1990’s that dynamic stall is a governing 

component of excessive and unsteady loads on HAWT’s (Luttges, Miller, Robinson, 

Shipley, & Simms, 1994), (Butterfield, Huyer, & Simms, Recent Results from Data 
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Analysis of Dynamic Stall on Wind Turbine Blades, 1992), (Butterfield, Hansen, 

Simms, & Scott, 1991).  Understanding the mechanisms associated with dynamic stall, 

how this effect impacts the loading and structural vibrations of a wind turbine blade, and 

subsequently mitigating these effects, are the major objectives of this study.   

Dynamic stall, when it occurs during time dependent sinusoidally varying angle 

of attacks, is characterized by a reduced frequency,    (Leishman & Beddoes, A 

Generalised Model for Airfoil Unsteady Aerodynamic Behaviour and Dynamic Stall 

Using the Indicial Method, 1986), (Leishman & Beddoes, A Semi-empirical Model for 

Dynamic Stall, 1989). 

   
  

   
                                                          (1.1) 

Where ω is the angular frequency of the pitching motion, c is the chord length of the 

blade or model, and    is the free stream velocity.  For wind turbines, this reduced 

frequency is typically around 0.05 to 0.15 when dynamic stall is a result of the rotation 

of the turbine and yaw effects (Butterfield, Huyer, & Simms, Recent Results from Data 

Analysis of Dynamic Stall on Wind Turbine Blades, 1992), but can be of a lower 

normalized frequency for a given wind turbine configuration (Soltani & Rasi Marzabadi, 

2009). Also, when dynamic stall is incepted due to pitch regulation, this reduced 

frequency can be as low as 0.004 even when the blades are allowed to be pitch regulated 

at their maximum rate (Namik & Stol, Individual Blade Pitch Control of Floating 

Offshore Wind Turbines, 2010), (Jonkman, Butterfield, Musial, & Scott, 2009).  Wind 

turbine blades have also been investigated computationally at higher reduced 

frequencies, despite the fact that higher reduced frequencies generally do not exist in real 

world conditions (Gharali & Johnson, 2012). 

1.2.1 Dynamic Stall Modeling 

Modeling dynamic stall has proved to be challenging.  Leishman and Beddoes first 

proposed semi-empirical models to predict lift during dynamic pitching in 1986, but this 

first model relied on coefficients that were empirically obtained (Leishman & Beddoes, 

A Generalised Model for Airfoil Unsteady Aerodynamic Behaviour and Dynamic Stall 

Using the Indicial Method, 1986).  Further refinements to this model continue to rely on 
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empirical input (Leishman & Beddoes, A Semi-empirical Model for Dynamic Stall, 

1989).  Even relatively modern implementations of this model require some a priori 

knowledge about the behavior of airfoils in order to properly predict their dynamic stall 

behavior (Gupta & Leishman, 2006), (Gonzalez & Munduate, 2007), and the impact that 

dynamical behavior can have on power capture (Lanzafame & Messina, 2010).  

Relatively recent reviews of dynamic stall modeling identify that there is significant 

improvements in such models that must be undertaken for such models to be effective at 

predicting the aerodynamic loading experienced by real wings and blades undergoing 

dynamic stall (Holierhoek, de Vaal, van Zuijlen, & Bijl, 2013).  Furthermore, reviews of 

different dynamic stall models do not include the effects of potential flow control 

devices at all.   This underscores the need for experimental results involving flow control 

(as defined in section 1.4) to further refine such models so that these models adequately 

predict load modification when flow control is implemented.  

1.2.2 Vortex Identification 

Dynamic stall is characterized by the formation and shedding of a large-scale vortical 

structure (McCroskey W. , 1981), whose qualitative size is on the order of the chord 

length of the airfoil.  Flow analysis of such flows requires a method of identifying the 

structure in the flow. There are several methods of identifying and characterizing 

vortical structures (Kolar, 2007), (Green, Rowley, & Haller, 2007).    

Michard et al. in 1997 described a method to locate rotational centers in 2-D data.  

These data sets could either be continuous or discrete.  This method integrates the 

angular momentum over a chosen region for each point in a flow field, and then assumes 

that the point that exhibits the maximum normalized angular momentum is in fact the 

center of rotation of vortical structures (Michard, Graftieaux, Lollini, & Grosjean, 1997).  

This method has demonstrated to be qualitatively effective in identifying vortical 

structures in Particle Image Velocimetry data (For a description and discussion of 

Particle Image Velocimetry, see section 2.2.6), particularly where the rotating structures 

are relatively large compared to the scale of the data set (Stansfield, Wigley, Justham, 

Catto, & Pitcher, 2007).  Also, this method has been used on sets of instantaneous flow 

field measurements to identify statistical information about the presence and location of 
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vortical structures in unsteady flow fields.  This can be of particular use to PIV 

experiments that capture instantaneous flow fields, which are phase locked to the motion 

of structures, as opposed to phase locked to known flow field frequencies (Graftieaux, 

Michard, & Grosjean, 2001).  However, this method of identifying rotating coherent 

structures in flows may not be effective in distinguishing large-scale structures from 

small-scale structures.  The approach can be modified such that the regions over which 

normalized angular momentum is calculated for a given point is chosen to be large.  This 

has the effect of filtering out smaller scale structures.  Otherwise, while rotation centers 

can be identified, there is no information in this method regarding the swirl strength of 

these structures (Mulleners & Raffel, A Time-Resolved Dynamic Stall Investigation 

Based on Coherent Structure Analysis, 2010), (Mulleners & Raffel, The Onset of 

Dynamic Stall Revisited, 2012), (Heine, Mulleners, Joubert, & Raffel, 2013).  Thus, in 

the presence of a shear layer or other source of vorticity, it is important to consider 

modifications to this method of vortex identification, or another method altogether. 

Another method of identifying vortical structures is the so called Q-Criterion.  The 

calculation of Q first involves dividing the tensor defined by the gradient of velocity into 

symmetric and anti-symmetric parts.  Q becomes the local balance between shear strain 

rate and vorticity magnitude (Jeong & Hussain, 1995).  Where Q is positive, the flow 

field is dominated by rotation as opposed to strain.  Q can be effective at locating 

coherent structures in a flow field, but as will be seen in section 3.4, where there are 

multiple possible scales for such structures, Q is not effective at understanding a flow 

field with rotating structures.   

1.3 Mechanical Load Control 

While the purpose of this work is to investigate aerodynamic flow control methods to 

bring about load modification and vibration reduction, first, it is necessary to review 

other methods of load modification, which have already been implemented, either 

commercially, or in a research environment.  Mechanical control is still the focus of 

engineering concern for the foreseeable future, particularly with respect to the 

development of off shore wind turbines as the size and power capture of these wind 

turbines drive into the multi GW range (Natarajan, 2014).  This focus on mechanical 
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control historically is quite evident in the examination of reports regarding the state of 

the art of offshore wind turbines, as such reports only touch on the potential for control 

systems and technologies, and their potential for inclusion in large scale wind turbines.  

Even where the potential for flow control is considered, only tacit acknowledgement of 

this fact is generally made (Natarajan, 2014), (Johnson, van Dam, & Berg, Active Load 

Control Techniques for Wind Turbines, 2008), (Polinder, de Haan, Dubois, & Slootweg, 

2005), (Barlas & Van Kuik, State of the Art and Prospectives of Smart Rotor Control for 

Wind Turbines, 2007), (Barlas & van Kuik, Review of State of the Art in Smart Rotor 

Control Research for Wind Turbines, 2010), (Pao & Johnson, 2011), (Berg, et al., 2009), 

(Kusiak, Li, & Song, 2010).  As mechanical control and its variations can be considered 

mature technologies, it is important to consider the benefits and limitations of such 

systems, before considering the potential for control systems that are based on 

aerodynamics. 

1.3.1 Variable Speed Versus Fixed Speed Turbines 

Initial wind turbine designs featured fixed rotational velocities through the early 

1990’s (Polinder, van der Pijl, de Vilder, & Tavner, 2006).  Fixed speed turbines had the 

advantage of being relatively simple to deploy, and this carried over to simplification of 

the electrical systems needed to integrate the power captured into the grid.  As of the 

early 1990’s, the focus of engineering at the time was how to design the electrical side of 

the turbine, to incorporate turbines into the grid effectively, as variable speed wind 

turbines were just entering the marketplace (De La Salle, Reardon, Leithead, & Grimble, 

1990).  Fixed speed wind turbines are not, however, optimized for various wind speeds, 

and thus, the aerodynamics of the blades reduce the potential energy capture, as precious 

few sites experience constant, 24-hour a day, 365 days a year fixed wind speed. 

As turbine design was further refined, the need for variable speed wind turbines 

rose.  This was driven by the need to address variable wind conditions coupled with the 

increased size of wind turbines, which necessitated load management.  This factors 

resulted in the development of variable speed wind turbines (Hansen, Iov, Blaabjerg, & 

Hansen, 2004) and the required closed loop control necessary to regulate such systems 

(Bossanyi, 2000).  Variable speed wind turbines have the advantage of adjusting to the 
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wind speeds, optimizing power capture by rotating at a velocity that maximize power 

captured (Sharma, Pryor, & Islam, 2001).  However, even today, these systems have 

limitations identified which open the door for advanced load mitigation techniques, 

discussed in section 1.4. 

1.3.2 Stall Control 

Stall control involves reducing load by designing blades such that they go into stall 

above certain wind speeds, but the change in load from pre-stall to post-stall is not as 

dramatic as the drop typically seen in thin airfoils (e.g., a NACA 0009).  As wind speed 

increases, the local angle of attack along the blade increases.    This occurs because, if 

the turbine is operated at constant speed, as the wind speed increases, the local angle of 

attack increases, and the blade will go into stall, which results in a loss of lift and 

reduced load (Polinder, de Haan, Dubois, & Slootweg, 2005). This form of load 

management was originally coupled with fixed rotation speed wind turbines (Hansen M. 

O., 2008).  In fact, this form of load management meant, that if site conditions changed, 

or behaved differently than predicted, it could actually become necessary to unbolt the 

wind turbine blades from the hub and reset the pitch angle of the blades (Hansen M. O., 

2008). 

This type of control can be augmented with a variable speed mechanism, which 

allows the turbine blades to rotate fast enough to actually allow stall, so as to relieve load 

under high wind conditions (Muljadi, Pierce, & Migliore, Control Strategy for Variable-

Speed, Stall Regulated Wind Turbines, 1998).  Under this scheme, the variable speed of 

the wind turbine works with the stall nature of the blades to either adjust to low speed 

and increase power capture, or spin faster to encourage stall and reduce load.  Note that 

the model investigated in this study, the S809 airfoil, was designed to operate in this 

manner.  The S809 airfoil is discussed in section 1.5. 

1.3.3 Pitch Control 

Pitch controlled wind turbines began to emerge in the mid 1990’s.  These turbines 

featured blades that could have their pitch angle changed with respect to the rotational 

plane defined by the rotation of the hub and blades.  Typically, such pitch control blades 
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reduce the local angle of attack to mitigate excessive loading, as opposed to stall 

regulated blades, which allow or encourage higher local angles of attack by changing 

rotational speed (Hansen M. O., 2008).  Due to inertial effects of a rotating system, pitch 

control offers faster response time to excessive loads versus variable speed stall 

regulation.  Simply put, it is quicker to change the pitch of the blades mechanically than 

allowing the turbine rotational speed to change and settle to new wind conditions 

(Muljadi & Butterfield, Pitch-controlled Variable-speed Wind Turbine Generation, 

2001).     

1.3.3.1 Individual Blade Pitch Control 

The concept of pitch control through mechanical systems that pitch blades has been 

taken to the next logical step in research environments: Individual blade pitch control.  

On sufficiently large scale wind turbines, typically turbines deployed off-shore, it may 

be possible to model wind conditions and atmospheric boundary conditions in such a 

way that loads can be mitigated or evened out from blade to blade to further reduce 

blade fatigue over pitch control (Namik & Stol, Individual Blade Pitch Control of 

Floating Offshore Wind Turbines, 2010).  However, as is the theme across all 

mechanical control systems, there is a time response limitation to all of these systems, 

and sufficiently fast enough changes in wind speed (colloquially, gusts of wind), may yet 

overcome such control and cause blade fatigue and failure (Johnson, van Dam, & Berg, 

Active Load Control Techniques for Wind Turbines, 2008).  Thusly, this suggests that, 

in order to further augment the lifetime of wind turbine blades, alternative control 

mechanisms targeted at lifetime extension must be considered. 

1.4 Aerodynamic Flow Control 

The alternative to mechanical means of load modification, or a method of enhancing 

such systems, is Aerodynamic Flow Control.  Broadly speaking, Aerodynamic Flow 

Control (AFC) is any means of modifying the behavior of flow fields around a body 

such that the flow field behaves differently that it normally would.  A simple example of 

AFC is the use of vortex generators on wings to increase mixing and promote flow 

reattachment.  AFC can be a passive system, which is fixed and requires no energy 
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input, or an active system, which requires either an external voltage source or fluid input 

to effect changes to the flow in question.   

A variety of active flow control systems offer the opportunity for relatively fast response 

time of flow reattachment, where ‘fast response time’ is loosely characterized as the 

reattachment of flow within O(1) convective time cycles.  (Here, a convective time cycle 

is taken to be the time it would take for a fluid particle to move from the leading edge to 

the trailing edge of a body in a flow.)  This effect, demonstrated by Amitay et al. in 2002 

can even occur under flow fields that are separated near the leading edge (Amitay & 

Glezer, Controlled Transients of Flow Reattachement over Stalled Airfoils, 2002).  Thus, 

AFC has to potential to fill the proverbial gap that exists between current mechanical 

systems and industry identified need for faster response time systems (Johnson, van 

Dam, & Berg, Active Load Control Techniques for Wind Turbines, 2008).  It is 

important, due to the potential ‘short’ time scales involved in wind energy, that any flow 

control device or technology can effect changes to flow fields on time scales 

significantly shorter than the time scales of flow field changes which can be brought 

about by mechanical systems.  Elsewise, mechanical systems would need not be 

augmented by such flow control systems.   

In addition to fast response time, for an AFC technique to be economically 

viable, it must be relatively low cost to install.  Otherwise, even if there were some 

benefit in the reduction in downtime, if the energy sold during these recaptured 

operational periods doesn’t equal the cost to install AFC, there is no economic incentive 

to install such a system.   

In this section, a discussion of various AFC techniques follows, as well as 

examples of their deployment on either research or commercial wind turbine blades. 

First, it is important to understand the historical development of AFC. 

1.4.1 History of Aerodynamic Flow Control 

Investigations into the application of flow control began several years ago, but did not 

explode as a research topic until the late 1990’s.  Eaton et al. in 1981 outlines the state of 

the art in subsonic turbulent flow reattachment (Eaton & Johnston, 1981).  Eaton states 

that the understanding of flow reattachment in 1981 was poor, and the experimental 
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study of flow reattachment involves a backward facing step.  There is no application of 

the concept of bringing about flow reattachment through momentum injection.  In fact, 

an examination of literature would suggest that prior to 1998, the only forms of flow 

control actively pursued involved vortex generators or alternating suction/blowing 

(Johnston & Nishi, 1990), (Lin, 2002) (Park, Lee, & Sung, 2001).  Riblets (discussed in 

section 1.4.2.2) did see some research efforts in the early 1980’s (Walsh M. J., 1982), 

(Walsh M. J., 1983), but application to wind turbines did not take off until the late 

2000’s (Sareen, Deters, Henry, & Selig, 2011) 

Park et al. in 1999 describes the effect of uniform blowing or suction from a 

spanwise slot on a turbulent boundary layer, and make no comparison to alternative 

technologies that today are taken for granted as methods of control of such boundary 

layers (Park & Choi, 1999).  In addition, at this time, control of this turbulent boundary 

layer appeared possible at blowing ratios less than 0.1 (the ratio of the suction or 

blowing velocity to the ratio of the free stream velocity, no indication is given as to the 

amount of momentum that needs to be injected to effect these changes).  Clearly, in the 

context of aircraft, or rotating systems, supplying an external fluid, or removing such 

fluid, through pumps is not practical.  Even in the case of suction on an aircraft (which, 

Park notes, only serves to increase skin friction, and thus would likely not even be 

useful, without regard to practical considerations), such suction would likely need to be 

vented someplace else.  Otherwise the center of gravity of the craft could shift, and the 

weight itself would increase, adding to fuel costs. 

Strictly speaking, suction and blowing are interesting topics of research (and also 

tools for research into understanding fluid flow), but are not practical to implement in 

most engineering applications (especially wind energy).  As such, further discussion will 

focus on flow control techniques that are not, a priori, unfeasible for rotating systems.   

1.4.2 Passive Aerodynamic Flow Control 

Passive flow control involves typically small-scale modifications to a surface exposed to 

a flow field, such that the flow appreciably deviates from field patterns that would occur 

without the flow control devices installed.  Vortex generators are a classic and widely 

understood passive flow control technique.  In addition to vortex generators, riblets are 
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an additional passive flow control technology which modifies the aerodynamic surface 

of a body exposed to fluid flow.  Variations on vortex generators can also be considered, 

where instead of thin vanes, blunted protrusions are investigated. In this section, these 

devices are discussed. 

1.4.2.1 Vortex Generators 

Vortex generators (VG’s) are small vanes which protrude into the fluid around a surface, 

such that vorticity is introduced into the surrounding flow.  Vortex generators are 

typically sized such that their height is on the order of the anticipated, or measured, 

boundary layer thickness (Lin, 2002).  Fixed vortex generators are one of the oldest 

forms of flow control, since their development in the 1940’s (Taylor H. D., 1947).  The 

advantage of vortex generators is their ability to reattach flow under stall conditions with 

no energy input or integrated control circuitry.  This can have the result of higher lift 

compared to baseline conditions at certain angles of attack.  

Vortex Generators affect the flow by inducing streamwise vortices as seen in the 

spanwise plane of velocity measurements in the flow field downstream of the VG’s.  

This effect then draws high momentum flow from outside of the boundary layer down to 

closer to the surface.  This higher momentum flow is then able to flow into the adverse 

pressure gradient, reducing flow separation (Velte, Hansen, & Cavar, 2008).   

  Reuss et al. demonstrated that vortex generators placed at the 30% chord location 

on a NACA 4415 airfoil could increase the maximum lift coefficient by 29%.  However, 

vortex generators come with a constant drag penalty, and the static stall seen when 

employed by Reuss et al. demonstrated a steeper stall drop than without the Vortex 

generators (Reuss, Hoffman, & Gergorek, 1995). 

Timmer et al. also demonstrated a similar phenomenon with respect to increased lift 

when vortex generators are employed on airfoils designed for wind turbines, in this case 

a DU 97-W-300 (Timmer & Van Rooij, 2003).  However, this increased lift comes with 

higher drag.  While the lift increase is a significant result, this increase will not impact 

lift over drag, a metric of importance to the engineering of wind turbines (Hansen M. O., 

2008). 
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Active versions of Vortex Generators that can be retracted during a portion of the 

operation of a wind turbine blade have been investigated.  Pape et al. investigated 

placing leading edge vortex generators that can be retracted onto an OA209 Airfoil (Le 

Pape, Costes, Richez, Joubert, David, & Deluc, 2012).  This study demonstrated the 

potential to significantly reduce hysteresis in lift and drag under dynamic conditions for 

this airfoil.  There is a limitation to the effectiveness of such a system, as creating vortex 

generators that protrude ‘too far’ into the flow result in no changes to the pitching 

moment coefficient.  Vortex generators generally have a less effective operation envelop 

than other active systems (Stalnov, Kribus, & Seifer, 2010).   

1.4.2.2 Riblets 

Another passive flow control technique involves riblets.  Riblets are triangle-like 

grooved channels (Sareen, Deters, Henry, & Selig, 2011) on the order of 50 μm that 

have the effect of reducing skin friction drag on airfoils (Walsh M. J., 1983).  Sareen et 

al. found that to maximize drag reduction, riblets should be sized to 62 μm, and that the 

drag reduction was approximately 4-5% (Sareen, Deters, Henry, & Selig, 2011).  

However, improperly choosing riblet size (and spacing between riblets) could lead to 

drag enhancement, and thus extensive field testing of such a riblet film would be 

necessary to ensure that ablation due to atmospheric contaminants would not, in time, 

take a wind turbine from a lower-than-design drag to a higher-than-design drag, which 

would change the lift to drag ratio, an important component of power capture of a 

turbine (Hansen M. O., 2008).   

1.4.2.3 Other Passive Control Approaches 

Heine et al. investigated how dynamic stall could be affected on a dynamically pitching 

airfoil through the installation of leading edge cylindrical, low aspect ratio posts (Heine, 

Mulleners, Joubert, & Raffel, 2013).  This study did demonstrate that the trajectory of 

vortical structures shed from the leading edge could be modified such that the tracks of 

these structures moved nearer to the surface of the airfoil.  The challenge of such a 

system is, these leading edge cylindrical low aspect ratio posts must increase drag, even 

if flow attachment is increased.   
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1.4.3 Active Aerodynamic Flow Control 

Active flow control (here, not to be confused with Aerodynamic Flow Control, 

which includes both passive and active techniques) involves the active addition of 

momentum or vorticity to the flow in a controlled manner, so as to affect the behavior of 

a larger flow field.  Active control implies a feed forward or feedback system that can be 

turned on or off, and can vary in strength.  Active systems will require a source of 

electricity or fluid flow (or both) in order to function.  As a result, these systems are 

much more complicated than passive systems from a systems analysis standpoint.  

However, active systems lack the drawback of passive systems, in that with passive 

systems, there may be flow conditions where the passive systems are not needed, and 

thus are a penalty as opposed to a benefit.  An example would be vortex generators that 

add drag at all conditions, but are only needed to help flow reattachment under specific 

flow conditions (e.g., high angles of attack).  Active systems need only be actuated when 

needed, again, in a feed forward or feedback manner, so drag penalties and other 

negative consequences of passive control (which can be thought of as an always on 

control) can be avoided.    

 Several active systems have been previously investigated with respect to their 

potential application to wind energy systems.  These active systems include Microtabs, 

Plasma Actuators, Synthetic Jets, as well as several other active techniques.  Only a 

portion of these techniques, and their application to wind turbines will be discussed here, 

but this should not be construed to mean that these are the only viable alternatives that 

are worthy of investigational research (Johnson, van Dam, & Berg, Active Load Control 

Techniques for Wind Turbines, 2008), (Cattafesta III & Sheplak, 2011).   

 These systems need to be distinguished from active mechanical systems, in that 

the following active systems are to effect changes in the flow field around an airfoil.  

This contrasts with current mechanical systems, which effect changes by altering the 

angle of attack of an entire blade through mechanically altering the physical angle of a 

blade with respect to the plane of rotation.  Because these systems are targeted at the 

flow field, as a general trend, they change the flow field faster than mechanical changes 

to the angle of attack enacted by current mechanical systems can be made. 
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1.4.3.1 Microtabs 

Microtabs are active control devices that have been investigated for their potential 

application to load control of a wind turbine blade (Zayas, van Dam, Chow, Baker, & 

Mayda, 2006), (Johnson, Baker, van Dam, & Berg, 2010).  Microtabs are small tabs that 

extend into the boundary layer near the trailing edge of an airfoil (Nakafuji, Van Dam, 

Smith, & Collins, 2001).  These tabs extend from the surface of the airfoil to a distance 

that is on the order of the thickness of the boundary layer.  They are designed to induce 

changes in the effective camber line, which in turn changes the lift generated by an 

airfoil.  This has the effect of directly changing the global circulation around the airfoil.  

This contrasts with techniques like vortex generators.  Vortex generators produce 

changes in the local flow field, and these local flow field changes result in global 

circulation changes that may have the same net effect with respect to changes in lift.  

Microtabs have a distinct advantage over static vortex generators in that they can be 

retracted, returning the airfoil and wing section to its original effective camber line.   

Yen Nakafuji et al. demonstrated that the inclusion of Microtabs could shift the 

lift curve of a wing section, effectively enhancing or reducing lift at a fixed angle of 

attack, depending on whether the Microtabs were deployed on the pressure or suction 

sing of the wing section (Nakafuji, Van Dam, Smith, & Collins, 2001).  The feasibility 

of effecting such changes on a wind turbine airfoil, specifically an S819 airfoil, was 

investigated by Cooperman et al.  Similar results were obtained, that the lift coefficient 

could be increased by as much as 0.2 where tabs were placed on the suction side of the 

airfoil, or reduced by 0.2 when placed on the pressure side of the airfoil (Cooperman, 

Chow, & van Dam, 2013).  Wilson et al.  concluded through computational results that 

Microtabs included on a 600kW NREL CART could reduce root flap bending moments 

between 20 to 32%, which would increase the lifetime of a blade through reduction in 

long term stress (Wilson, Berg, Barone, Berg, Resor, & Lobitz, 2009).  

However, two disadvantages exist with Microtabs.  The first is that changes to 

lift decrease as the height of the Microtab is increased.  Secondly, microtabs are 

ineffective during stall conditions, and as such, are more likely to be an effective AFC 

device in a pitch regulated wind turbine configuration that (hopefully) never experiences 

local angles of attack near or above static stall. 
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1.4.3.2 Plasma Actuators 

Plasma actuators have also seen significant experimental and computational research 

efforts as an AFC device with the potential to effect load modification to wind turbine 

blades (Corke, Enloe, & Wilkinson, 2010).  Plasma actuators are zero net mass flux 

actuators which impart momentum into the flow through the high frequency oscillation 

of voltage on two electrodes.  This oscillation ionizes the air near the electrodes which 

can then be imparted a body force with appropriately charges electrodes (Enloe, 

McLaughlin, VanDyken, Kachner, Jumper, & Corke, 2004).  Original designs of plasma 

jets produce a wall jet.  It is also possible to combine multiple plasma jet actuators 

together in a configuration that produces a wall normal jet (Santhanakrishnan & Jacob, 

2007).   

Post el al. demonstrated the ability to effect changes in lift and pitching moment 

during dynamic conditions through the actuation of wall jet plasma actuators.  In 

general, lift was improved at all angles of attack for a NACA 0015 pitching 10
o
 up and 

down from an average angle of attack of 15
o
, at a Reynolds number of 4 x 10

6
 (Post & 

Corke, 2006).  Greenblatt et al. demonstrated that plasma actuators installed on scale 

model of a vertical axis wind turbine could control separation and improve the power 

coefficient of such a turbine when the jets are controlled in a feed forward control 

scheme (Greenblatt, Schulman, & Ben-Harav, 2012).   

Flow control on wind turbine blades at relatively low Reynolds numbers (100,000) 

was investigated by Gross and Fasel computationally (Gross & Fasel, 2012).  This 

computational study identified the clear formation of a leading edge separation bubble at 

this Reynolds number, and that sufficient momentum was required to be injected into the 

flow field in order to bring about changes in the resulting field.  This ratio was identified 

to be 0.1, the ratio of the velocity of the centerline of the flow control actuator jet (here, 

a plasma actuator) and the free stream velocity.  Walker and Segawa investigated the 

potential for plasma actuators to control separation of a more conventional NACA 0024 

airfoil.  This study demonstrated the potential for plasma actuators to reduce flow 

separation in the trailing edge region of a NACA0024 at a Reynolds number of 130,000, 

but this study only considered fixed angles of attack (Walker & Segawa, 2011). 
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Patel et al. concluded that the voltage requirements of plasma actuators necessary to 

reattach flow was strongly dependent on the post stall angle of attack, and that the 

voltage requirements also scaled with the square of the radius of the leading edge (Patel, 

et al., 2008).  While Plasma actuators are currently a highly active field of 

investigational research, the voltage requirements and limited effectiveness in the linear 

lift regime may limit their effectiveness in effecting the necessary lift changes needed to 

control loading on wind turbine blades (Johnson, Baker, van Dam, & Berg, 2010). 

1.4.3.3 Synthetic Jets  

A Synthetic Jet is a zero net mass flux actuator that introduces momentum into a 

surrounding fluid through the time varying actuation of a piezoelectric disk (Glezer & 

Amitay, 2002).  An example of a cross section of such a device is shown in Figure 1.2.  

Synthetic jets are the AFC device chosen for this study.  A synthetic jet is produced by 

the interactions of a train of vortices that are formed by alternating mass ejection and 

suction of fluid across an orifice, such that the net mass flux is zero.  Since there is no 

need for an external source of fluid, or the plumbing required to bring such a fluid to the 

surface of a wind turbine blade, this characteristic of Synthetic Jets makes this an 

attractive active flow control technology, coupled with low weight, and the relatively 

low power requirement (roughly O(1) watt per jet).  Also, the voltage requirements are 

significantly lower than those of Plasma Actuators, as Synthetic Jets run at voltages on 

the O(100) volts (Glezer & Amitay, 2002), compared to O(10,000) volts that plasma jet 

actuators are currently designed for (Corke, Enloe, & Wilkinson, 2010).  

Synthetic jets are advantageous over continuous jets, as near the orifice of a 

synthetic jet, more fluid from the surrounding flow field is entrained into the jets (Smith 

& Swift, 2003).  This has the effect of increasing the mixing that occurs near a synthetic 

jet, allowing for greater mixing of higher momentum fluid away from the way with 

lower momentum fluid near the wall.  This is the effect by which flow reattachment is 

brought about, and it is a significant reason lower amounts of momentum injection are 

needed to be provided by a synthetic jet versus a continuous jet to bring about flow 

reattachment.   
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Flow reattachment can be achieved simply through pitching a blade to a low 

enough angle of attack that flow naturally reattaches.  There are limits with respect to 

how fast a pitch regulated blade can change its angle with respect to the plane of rotation 

(Namik & Stol, Individual Blade Pitch Control of Floating Offshore Wind Turbines, 

2010).  Flow control via synthetic jets does offer the opportunity of a much faster 

response time of flow reattachment, which may be on the order of sub seconds, and this 

flow reattachment can be brought about at angles of attack that are typically 

characterized by stalled flow conditions (Amitay & Glezer, Controlled Transients of 

Flow Reattachement over Stalled Airfoils, 2002).  It has been demonstrated that flow 

reattachment can be achieved on relatively thick airfoils, where the maximum thickness 

in the chord normal direction as a proportion of the chord exceeds 20% (so called ‘thick 

airfoils’) (Amitay, Smith, Kibens, Parekh, & Glezer, 2001).    

1.5 The S809 Airfoil 

The purpose of this study (see section 1.6) is to evaluate how changes in loading can be 

brought about through flow control of a wind turbine’s blades.  Thusly, the airfoil 

chosen for this study to serve as the wind tunnel model is the S809.  Some airfoils 

clearly show a large increase in maximum lift coefficient during dynamic stall 

conditions, such as a NACA 0012 (Sheng, Galbraith, & Coton, 2008).   Other airfoils, 

such as the S809, do not exhibit large increases in lift coefficient during dynamic 

conditions (Gupta & Leishman, 2006).  Wind Turbine blades tend to be thick, with a 

thickness ratio in excess of 20% (Cohen, et al., 2006), (Tangler & Somers, 1995).  

However, while the maximum lift coefficient exhibited during dynamic stall may not 

significantly increase during dynamic pitching; there is still a hysteresis loop of loading 

that can be observed.  In the context of a wind turbine blade, this dynamic stall 

represents a variation in loading that can lead to blade fatigue and reduced blade lifetime 

(Luttges, Miller, Robinson, Shipley, & Simms, 1994).   

The S809 airfoil is a well-documented blade with respect to performance under 

dynamic conditions, as well as in field conditions (Ramsay, Janiszewska, & Gregorek, 

1996), (Somers, 1997).  This airfoil has also been the subject of significant numbers of 

computational studies (Wolfe & Ochs, 1997), (Visbal, 2014), (Jing, Jinglei, Rui, & 



 

 23 

Kunyuan, 2009).  It is for this reason, and the fact that this airfoil was designed as a 

‘wind turbine first’ airfoil, that this was chosen to be the basis for the model 

investigated.  The S809 can be characterized by its limited maximum lift, relative 

insensitivity to leading edge roughness, and low profile drag.  The limited maximum lift 

classifies the S809 as a stall regulated airfoil, and as such, during dynamic stall, it does 

not exhibit large increases in lift coefficient during dynamic conditions at moderate 

reduced frequencies when the airfoil is oscillating in a range of angles of attack that are 

characterized by a flat lift coefficient curve (Ramsay, Hoffmann, & Gregorek, 1995).   

The S809 is also characterized by insensitivity to leading edge roughness, which leads to 

similar static lift curves at nominally identical Reynolds numbers with a smooth or rough 

leading edge.  However, computational studies have shown that sufficient erosion of the 

leading edge can have an impact on the maximum lift, minimum lift, and extent of 

hysteresis seen during dynamic stall (Gharali & Johnson, 2012).   

1.6 Summary of Literature Review  

A review of the literature leads to a few conclusions.  Mechanical Control alone is 

insufficient to control dynamic loads as wind turbines become larger than the current 

scale.  The dynamic stall phenomenon is known to impact rotating systems, but 

understanding this phenomenon, and modeling it in a reduced order and robust fashion 

still relies on empirical results.  Controlling such a dynamic stall phenomenon via active 

flow control will require not only understanding of what dynamic flow fields are present, 

but how flow control interacts with such fields.  Preliminary studies into flow control, 

even in dynamic motion conditions, have been limited to quasi-2D experimental and 

computational studies, and these studies lack the inclusion of blade motion (particularly 

vibration) as an aspect of possible interaction with the surrounding flow field.   

1.7 Motivation and Objectives 

The objective of this work is centered on investigation of this hypothesis: 

FLOW CONTROL REDUCES THE UNSTEADINESS IN THE FLOW 

FIELD AROUND A DYNAMICALLY PITCHING, FINITE SPAN S809 AIRFOIL 

DUE TO THE ALTERATION OF THE DYNAMIC STALL VORTEX AND 
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SEPARATION REGION OF THE SUCTION SIDE OF SAID AIRFOIL.  THE 

CHANGE IN THIS AERODYNAMIC PHENOMENON LEADS TO VIBRATION 

REDUCTION.   

The action of dynamic stall is to take a flow field from attached, or quasi attached 

flow conditions to fully separated flow.  It is this action that can act to serve as a ‘strike’, 

whereby a sudden change in loading occurs on the airfoil, as this transition from attached 

to separated flow occurs.  Dynamic stall further complicates this, as during dynamic 

stall, the creation and advection of a dynamic stall vortex temporarily increases loading, 

and this results in a higher difference in load from the maximum load experienced by a 

blade and the minimum load experienced as the flow field transitions to fully separated 

flow.  By delaying or disrupting this process, it will be shown that the extent of tip 

deflection seen by a blade, and hence vibration can be reduced.  By capturing the flow 

fields during this dynamic process, it will be possible to gain insight into how the flow 

field evolves during these dynamic conditions, and how the addition of momentum near 

the leading edge of a dynamically pitching model (here, via synthetic jets) changes the 

evolution of the flow field during dynamic conditions.  In addition, it will be possible to 

identify the center of rotation of the largest scale structure seen in the phase averaged 

sense, and show how that center of rotation changes location spatially with respect to the 

center of rotation of the associated finite span model.  This picture is then taken to 

describe how recirculation regions change spatially with respect to the surface of the 

model. 

The strength of the synthetic jets must also be investigated.  Varying levels of 

momentum injection may change how dynamic stall occurs.  Thus the evolution of the 

flow fields during dynamic conditions at different momentum injections is investigated.   

It is anticipated that this study can serve as a ‘next step’ along the path from 

understanding flow control of a quasi 2-D wind turbine blade, as it is characterized in a 

wind tunnel, to a wind turbine blade deployed on a real wind turbine where flow control 

is installed in such a blade.   
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Figure 1.1: Schematic representation of dynamic stall. 
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Figure 1.2: Schematic example of the cross section of a synthetic jet. 
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2. EXPERIMENTAL SETUP 

This investigation into a dynamically pitching finite span S809 airfoil was conducted in 

RPI’s open return wind tunnel, having a maximum velocity of 50 m/s, and a free stream 

turbulence intensity of less than 0.2%.  The test section has an 80 cm by 80 cm cross-

section and a test section length of 5 m.  Multiple model configurations were 

investigated, and a description of these models follows. 

2.1 Coordinate Systems Employed 

In this study, X, Y, and Z will be used as coordinate systems, particularly where flow 

fields are plotted.  In this frame, X is the chordwise direction at  = 0
0
, and is also the 

direction of the free stream flow.  Positive X is in the direction of the free stream flow, 

such that drag will have a positive value in this coordinate system.  Y is the vertical axis 

in the laboratory frame where negative Y is the direction of the local gravity vector.  In 

this way, positive Y is the direction of positive lift.  Z is the cross-stream axis, or the 

spanwise direction of the model.  Based on X and Y, this is a right-handed coordinate 

system.  In this way, negative pitching moment coefficients denote a tendency for the 

model to be experiencing a torque in a clockwise fashion where the flow is left to right, 

and the lift is in the positive Y direction. 

The load cell, described in section 2.2.5, has its own X, Y, and Z coordinate system.  

The Z-axis of the load cell is parallel to the Z-axis of the laboratory frame.  X and Y of 

the load cell rotate with respect to the laboratory frame.  All data collected is 

transformed into the laboratory frame. 

Where the local boundary layer is plotted, Y* denotes the normalized distance away 

from the surface of the model, which may also be identified as ‘the wall’.  Y* is always 

directed normal to the chordwise location at which the velocity (or appropriate 

aerodynamic quantity of interest) is plotted.  Note that y/c and x/c are the coordinates for 

PIV and flow field data presented, to avoid confusion with respect to line plots near the 

surface of the model 
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2.2 Description of Models Investigated 

Initial research into wind turbines employed airfoils that were designed for aircraft, as 

outlined in section 1.1 (Miley, 1982).  However, the S809 airfoil was designed to be 

deployed on a stall-regulated horizontal axis wind (Somers, 1997).  It is a thick airfoil 

with a maximum thickness of 21% of the chord.  Therefore, it is characterized by a 

tendency for flow separation to start near the trailing edge, and move towards the leading 

edge as the angle of attack of the airfoil is increased (Tangler & Somers, 1995).  The 

S809 airfoil is chosen for the present research to simulate a wind turbine blade.  

Experimental data from two models will be presented.  Each model was manufactured 

from stereolithography after an extensive design process, which employed the use of NX 

unigraphics software. 

2.2.1 Model Dimensions 

The first model investigated, the alpha model, has a chord of 0.127 m and a span of 

0.394 m.  A second model, the gamma model, has a chord of 0.2032 m and a span of 

0.5156 m.  Both models are unswept and  feature fixed span.  Each model is only 

attached at one end, in order to incorporate the effect of the tip and vibrations into the 

experimental results.  In addition to this ‘finite span configuration’, the gamma model 

was adapted in such a manner that both ends were fixed with respect to rotation (see 

Figure 2.1).  In this manner, a comparison between infinite span and finite span results 

could be conducted with experimental results obtained from a single model, as opposed 

to relying on comparisons to other results available in literature.   

A note on terminology: the expression ‘infinite span configuration’ is used in this 

study to denote results taken with the experimental setup shown in Figure 2.1.  No load 

cell results were collected from this configuration.  The PIV results were collected at the 

mid span, and are to only approximate how this airfoil would behave in the infinite span, 

particularly with regard to the state of the flow field.  In reality, this is a quasi-2D 

configuration, as the flow fields near the walls deviate from the mid span.  The purpose 

here is only to compare how the flow field at the mid span compares with and without 

vibration and a tip vortex present.   

In this study, the Reynolds number based on chord is expressed as 
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                                                          (2.1) 

 

where    is the free stream density,    is the free stream velocity, and    is the 

dynamic viscosity  (Anderson, Jr., 1991).  The Reynolds number for all data presented 

here is 220,000, which corresponds to a free stream velocity of 16.8 m/sec. 

A note regarding the naming convention of these models, as gamma does not 

follow alpha in the Greek alphabet.  An intermediate model, a so called ‘beta’ model was 

designed and briefly investigated.  However, it was determined that, during the design 

process, the size of the jet orifice was improperly chosen, and the piezoelectric material 

employed in the beta model was not a significant improvement (with regards to 

robustness and lifetime) as compared to the piezoelectric material used in the alpha 

model.  For this reason, no results of the beta model are included in this work.  It is only 

to avoid convolution of collected results, and subsequent reporting, that the gamma 

model is not regarded as the beta model. 

2.2.2 Location of Synthetic Jets 

In the alpha model, two arrays of jets were incorporated.  The model incorporated an 

array of 12 synthetic jets, which were issued from orifices located on the suction side of 

the model.  Each of the rectangular orifices had a width of 0.75 mm and a length of 15 

mm.  The cavities of these jets were designed in such a way that there were effectively 

two rows of jets; however, only one array of jets was active for any given experiment.  

These orifice arrays were located at a normalized chord location, x/c, of 0.1 and 0.2 from 

the leading edge, as shown in Figure 2.2.  

The Gamma model incorporated an array of 10 synthetic jets.  The synthetic jets 

were issued from orifices located on the suction side of the model.  The gamma model 

orifices had a width of 1 mm and a length of 19.1 mm.  These orifice arrays were located 

at a non-dimensional chord location, x/c of 0.13. The location of the model jets were 

chosen based on results of previous work conducted (Taylor, Leong, & Amitay, 2012).  
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The strength of the jets relative to the free stream velocity was characterized by their 

momentum coefficient 

 

   
   

 

 
    

   

                                                         (2.2) 

 

where    is the planform area of the blade (also commonly denoted as S),   is the 

number of synthetic jets actuated, and    is the time averaged jet momentum 

(Maldonado, Farnsworth, Gressick, & Amitay, 2010).  Note that this jet momentum is 

only calculated during the outstroke portion of the cycle, as it is only during this portion 

of a synthetic jet cycle that momentum is imparted into the flow. This    can be written 

as 
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where   is the jet outstroke time,     is the density of the fluid in the synthetic jet,     is 

the area of the synthetic jet, and     is the velocity of the jet as measured by a hotwire 

placed at the jet orifice.  The location of the hotwire is chosen such that the fluid velocity 

measured in the jet orifice is equal during the instroke and outstroke.  As the velocities 

measured were relatively low compared to the speed of sound, incompressibility was 

assumed, and     was taken to equal   .  The momentum coefficient was varied during 

this study from 0.9 x 10
-3

 to 12.0 x 10
-3

.  

The measurement of the centerline velocity of a synthetic jet is an open field of 

investigation (Persoons & O'Donovan, 2007).  Other methods which consider the 

compressibility effects associated with the velocities involved near the orifice can 

correct for changes in momentum that cannot be accounted for with a hotwire alone.  In 

this study, as the maximum centerline velocity of the synthetic jets investigated is never 

taken to be above 60 m/sec (Mach number equals to 0.18), and this fact is why the fluid 

can be taken to be considered as incompressible (Thompson, 1988). .  
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The Piezoelectric disks, which drive the synthetic jets of the alpha array, had a 

diameter of 27 mm, and were off the shelf piezoelectric commonly employed in 

household smoke detectors.  The Piezoelectric disks in the Gamma model are proprietary 

piezoelectric disks with a diameter of 37 mm.  

2.2.3 Jet Actuation 

The jets were driven by sinusoidally varying voltage signal.  In the Alpha model, the 

signal amplitude ranged from 25 to 75 V, and the actuation frequency was 2600 Hz.  In 

the Gamma model, the voltage amplitude varied from 25 to 190 V, and the actuation 

frequency was 1800 Hz. 

A very important parameter in flow control is the reduced frequency, F
+
, which 

defines the relationship between the actuation frequency of the synthetic jet and the 

characteristic frequency associated with the time of flight of a fluid particle over the 

airfoil, defined as:  

 

   
   

  
                                                        (2.4) 

 

where fj is the actuation frequency of the synthetic jet.  This actuation frequency is 

chosen to be at least an order magnitude higher than the characteristic frequency 

associated with the time of flight frequency, as actuating the jets at or near the 

characteristic frequency can have the effect of increasing the magnitude of the largest 

vortical structure shed during stall conditions and increase the flow unsteadiness 

(Amitay & Glezer, Controlled Transients of Flow Reattachement over Stalled Airfoils, 

2002). 

2.2.3.1 Jet Actuation – Pulse Modulation  

In addition to jet actuation with a single carrier frequency at or above 1800 Hz (F
+
 = 22), 

it is also possible to actuate the jets in a Pulse Modulation Scheme.  Pulse modulation 

introduces a secondary frequency (i.e., the modulating frequency), which is at a much 

lower frequency than the carrier frequency.  This may allow flow control to take 
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advantage of other characteristic frequencies in the flow.  This pulse modulation 

frequency is given by  

 

  
  

   

  
                                                            (2.5) 

 

where    is the modulation frequency, and   
  is the normalized modulation frequency.  

 Pulse modulation does not actuate the synthetic jets for the entire modulating 

period.  This means that less overall power may be required to achieve the same flow 

control objectives.  The term ‘% duty cycle’, hence, has been defined for pulse 

modulation indicating the percentage in a modulation period when the synthetic jets are 

actuated.  Note that 100% duty cycle implies that the modulating frequency does not 

exist, thus, only the carrier frequency remains.  A schematic representation of the 

resulting carrier signal is presented in Figure 2.5.   

2.2.4 Prescribing Dynamic Motion 

Since wind speed at a given site is generally not constant, both in magnitude and 

relative direction, and since pitch and stall regulation have the direct effect of changing 

the angle of attack of a wind turbine blade, dynamic pitching has been employed in order 

to simulate these conditions.  The performance of wind turbine blades under these 

conditions has previously been evaluated for airfoils (Sheng, Galbraith, & Coton, 2009).  

In the present work, a sinusoidal motion was prescribed for dynamic pitching, with the 

angle in time determined by: 

 

   ̅        (     )                                  (2.6) 

 

where   is the instantaneous angle of attack,  ̅ is the mean angle of attack,    is the 

amplitude of angle of attack, and    is the frequency of pitching motion.  However, to 

compare relative pitching rates at different Reynolds numbers and for differing chord 

lengths, the reduced frequency,    is used, as defined in equation (1.1).  The reduced 

frequency quantifies the order magnitude difference in the characteristic frequency of the 
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pitching motion compared to the characteristic time of flight over the airfoil.  This 

reduced frequency will impact how dynamic stall occurs, as it will change the point in 

time during an oscillation where stall will incept (Gupta & Leishman, 2006). 

2.2.5 Description of Load Cell 

The alpha and gamma models were mounted onto an aluminum cross bar, connected at 

the base to a 6 component load cell.  This load cell is able to measure a scale of +/-100 N 

in the load cell X- and Y- direction, and +/-400 N in the Z-direction.  In the laboratory 

frame, the load cell’s X and Y coordinates are in a plane which is parallel to a plane 

defined by the lift and drag vectors of both models.  Also, this model is able to measure 

+/- 10 N*m of torque about these three directions.  The load cell has an error of 0.1 N of 

force along any direction, and 0.1 N*m of torque about any axis.  Although 6 

measurements are provided, only FX, FY, and TZ are necessary in order to report the lift, 

drag, and pitching moment, respectively.  These signals were collected through at 16 bit 

DAQ board, and processed with LabVIEW, and were appropriately transformed into the 

laboratory reference frame in order to calculate lift, drag, and pitching moment with 

respect to the fixed reference frame of the incoming flow field.   

The actuation of the synthetic jets caused electrical interference at high frequencies, 

which created noise in the signal collected from the load cell.  As this is the case, load 

cell information was collected at 6000Hz, and passed through a 4
th

 order Butterworth 

Filter with a cutoff frequency of 600 Hz (Selesnick & Burrus, 1998).  Since the 

variations in loading were anticipated to be less than 100 Hz, based on the frequencies 

associated with structural vibration (O(10)) and dynamic motion (O(1)), this filtering has 

the effect of removing high frequency noise introduced by the actuation of the synthetic 

jets, without compromising the amplitude of signals in the frequency domain associated 

with motion or vibration.   

For the calculation of the pitching moment, this value was corrected to the quarter 

chord location.  

The load measured by the load cell will be a composite load made up of an 

aerodynamic force and the so called ‘added mass’ (Brennen, 1982).  As such, load 

fluctuations presented in this work will be load variations due to both changes in 
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aerodynamic loads, as well as forces due to the vibration of this finite span model.  As 

acceleration data is not available at all stations along the model, divorcing these effects 

from one another is not easily accessible.  Future work would benefit from introducing 

accelerometers along this model, so that a profile of acceleration may be obtained along 

the span of the model.  Coupled with a description of the mass distribution of a fully 

instrumented model, from this information, the effect of added mass could be separated 

from the aerodynamic loading alone.   

2.2.6 Description of PIV System 

The flow field around the model was measured using Stereoscopic Particle Image 

Velocimetry (SPIV).  The SPIV system consists of two 1376 x 1040 pixel resolution 

thermoelectrically cooled 12-bit CCD cameras, a pair of pulsed 120 mJ Nd:YAG lasers 

and a programmable timing unit.  In addition to the timing unit, an external trigger was 

provided through the use of a National Instruments Motion Control board.  This trigger 

allowed for the acquisition of SPIV measurements at fixed angles during dynamic 

pitching measurements.  A smoke generator (model Magnum 850 made by Martin 

Manufacturing) was used together with their standard smoke fluid to provide water-

based droplets on the order of a few micrometers in diameter to serve as flow tracers.  

The smoke was then introduced into the tunnel through the fan at the beginning of the 

wind tunnel, such that the smoke was diffused into the test section. 

In the present experiments, two dimensional, three component SPIV data were 

acquired where the CCD cameras were mounted on one or two computer controlled 

three-axis traverse(s).  The laser light sheet was emitted from a free moving optical arm 

and a laser head with variable focusing and cylindrical lenses that can be positioned at 

any location along the outside of the test section, as this source of this laser light sheet 

was also mounted on a 3 axis, computer controlled traverse.  With this arrangement, 

precise positioning of the laser light sheet was obtained.  The cameras were positioned to 

visualize the same field of view.  A pair of 35 mm lenses was used to acquire the SPIV 

data in several streamwise planes (on the centerline of jets 2, 6, and 9, where jet 1 is the 

jet nearest the tip of the blade) in reference to Figure 2.3.  As all SPIV data presented in 
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this work is three components, two dimensional information, results collected in such a 

fashion will be addressed as PIV results.   

2.2.6.1 Computation of Velocity Components from PIV data 

The three velocity components (U, V, and W) were computed using the two-step 

stereoscopic cross-correlation of pairs of successive images, with 50% overlap between 

interrogation domains.  The images were processed using an advanced multi-pass 

method where the initial and final correlation windows were 32x32 pixels and 16x16 

pixels, respectively.  500 image pairs were acquired to produce a phase-averaged vector 

field for each plane examined. 

2.2.6.2 Computation of Vorticity from PIV data 

A circulation method of calculating vorticity from computed velocity fields was 

used, as prescribed by Raffel et al.  (Raffel, 2007).  Instead of calculating differentials 

associated with the definition of vorticity (changes in U components of velocity along Y, 

changes in V components of velocity along X), vorticity was calculated from  
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Thus, at any point in the investigated PIV domain, the circulation about a sample point, 

    , defined by the grid obtained from the velocity component data, can be calculated, 
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and from this, vorticity is calculated.  Raffel et al. demonstrated that this method is more 

effective at resolving the vorticity of known structures from noisy velocity data as 

compared to simpler finite difference schemes (Raffel, 2007). 

2.2.6.3 Computation of Turbulent Kinetic Energy from PIV data 

In order to calculate the phase averaged Turbulent Kinetic Energy from the velocity 

fields of the PIV data, the standard deviation of each velocity component was calculated 

from the 500 instantaneous frames available at each investigated plane and location.  In 

this manner, the unsteady component of velocity could be computed, based on the 

unsteady components obtained from a RANS approximation of the momentum equation.  

The normalized Turbulent Kinetic Energy, K* then becomes 

 

    

 
(    ̅̅ ̅̅ ̅      ̅̅ ̅̅ ̅      ̅̅ ̅̅ ̅̅ )                                             (2.9) 

 

Where u*’ is the normalized unsteady component of velocity in the chordwise direction, 

v*’ is the normalized unsteady component of velocity in the surface-normal direction, 

and w*’ is the normalized unsteady component of velocity in the spanwise direction. 

2.2.7 Description of Tip Deflection Measurement 

In order to measure the blade’s tip deflection during dynamic motion, a method to infer 

this information in a rigorous manner was implemented.  First, 350Ω strain gauges were 

installed near the root of the Gamma model on both the pressure side and suction side of 

the cross spar, below the edge of the SLA material of the model, out of the flow field, as 

seen in Figure 2.4.  Then, these resistors were wired into a Wheatstone bridge, using 

350Ω bridge resistors to form the top of the bridge.  This bridge was then balanced, such 

that the output voltage of the bridge across the top of the strain gauges was zero. 

Next, a laser displacement sensor was used to measure tip deflection.  The laser 

displacement sensor is a GK-402 from Keyence Corporation.  This displacement sensor 

has a standoff distance of 400 mm, a working distance of ± 100mm, and a maximum 

possible accuracy of 1 m.  The model was incrementally deflected in the direction of 

the suction side of the airfoil and then the pressure side of the airfoil.  By measuring the 
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displacement of the tip in the Y-axis with the laser displacement sensor, this tip 

deflection could then be associated with changes in voltage measured by the Wheatstone 

bridge.  From this information, a calibration curve could be established, and tip 

deflection measured by measuring the dynamically changing voltage from the 

Wheatstone bridge and inferring the tip deflection from these voltages.  This method 

assumes that only the primary flapwise mode of vibration is excited.  Strike tests 

conducted on this model using the laser vibrometer at various locations along the span 

indicated that this assumption is valid, in that no higher order modes were observed to 

become excited as the model was driven to vibrate.   

 

Figure 2.1: Experimental setup of infinite span configuration. 
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Figure 2.2: Characteristics and dimensions of Alpha Model. 

 

Figure 2.3: Characteristics and dimensions of Gamma Model. 
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Figure 2.4: Location of strain gauges. 

 
Figure 2.5: Schematic representation of pulse modulation actuation of the synthetic jets.   
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3. RESULTS 

Presented in this section are results collected to support the assertions stated in section 

1.7.  This section is structured as follows: 

Section 3.1 covers preliminary investigations into load cell results collected, which 

outline the hysteresis in lift, drag, and pitching moment seen by a dynamically pitching 

model of a finite span S809 airfoil.  Section 3.2 introduces results from the Gamma 

model, establishing baseline behavior. In section 3.2, the flow fields under dynamic 

conditions are also presented and investigated.  Section 3.3 shows how the flow fields 

change around a dynamically pitching airfoil, and the associated changes in the loading 

and tip deflection under the same dynamic conditions.  Section 3.4 examines the rotating 

structures that are observed to occur, and how they evolve spatially during dynamic 

conditions, in order to characterize the picture of dynamic stall that is present around this 

model.  Section 3.5 investigates how the phased averaged picture being illustrated varies 

as compared with the instantaneous flow fields measured.  Section 3.6 evaluates how the 

flow field varies with spanwise location, and what impact stall cells may have on the 

picture being described.  Section 3.7 briefly describes the potential for Pulse Modulation, 

and the current limitations of such a jet actuation scheme.   

3.1 Load Cell Results of Alpha Model 

As indicated in section 2.2, the first model investigated was a finite span S809 airfoil 

with a chord length of 0.127m and a span of 0.394m.  As there is a dearth of readily 

available aerodynamic performance information for this airfoil at a Reynolds number of 

220,000, and an aspect ratio of 3.1, it is necessary to first characterize the models 

performance at steady angles of attack.   

3.1.1 Static Angle of Attack Results from the Alpha Model 

Figure 3.1 shows the variation of the lift coefficient with angle of attack for fixed 

 

Portions of this chapter appear as Taylor, K., Leong, C. M., & Amitay, M. (2012). Dynamic Load Control 

on a Finite Span Wind Turbine Blade Using Synthetic Jets. 50th AIAA Aerospace Sciences Meeting 

Including the New Horizsons Forum and Aerospace Exposition. Nashville, TN: AIAA. 
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angles from -5
o
 to 26

o
.  Here, the free stream velocity is fixed at 26.6 m/sec, which 

corresponds to a Reynolds number of 220,000.  The baseline case has a trend line added 

to visualize how each type of jet actuation changes the lift relative to the base line.  Five 

cases are plotted, the baseline case, and four actuation cases with two levels of 

momentum coefficient and at two streamwise locations.  The baseline case (denoted by 

black cross hatches) indicates that at 10
o
 angle of attack, the lift coefficient has started to 

level off.  This is a design target of the S809 airfoil (Somers, 1997), namely, that the 

max lift coefficient is limited.  As the angle of attack increases to 18
o
, the lift coefficient 

drops abruptly.  This indicates that the static stall angle of attack is 18
o
 for this model.  

This is important, as the dynamic stall phenomenon is generally concerned with how lift 

can be maintained under dynamic conditions past this static angle of attack (McCroskey, 

Carr, & McAlister, Dynamic Stall Experiments on Oscillating Airfoils, 1976). 

The blue circles plotted show the effect that jet actuation from the forward array has 

on the lift coefficient at different momentum coefficients.  The forward jet array was 

located at 10% chord, as outlined in section 2.2.2.  The light blue circles represent the 

case where the jets had a momentum coefficient of 0.9 x 10
-3

, and for the dark blue 

circles, the jets had a momentum coefficient of 3.8 x 10
-3

.   

Actuation of the rear jets is marked by the square symbols, where the array is 

located at 20% chord.  The yellow squares represent the cases where the jets had a 

momentum coefficient of 0.9 x 10
-3

, and for the orange circles, the jets had a momentum 

coefficient of 3.8 x 10
-3.

 

One of the targets of this preliminary investigation was to explore the effect that 

jets’ location has on the changes in lift, drag, and pitching moment.  With respect to the 

lift, both jet arrays yield a slight increase in the lift coefficient between 10
o
 and 18

o
, 

which is the stall angle.  Additionally, both jet arrays had the effect of “smoothing” the 

transition to stall, such that the drop in lift as the angle of attack increases past 18 
o
 is not 

as pronounced.  This effect has been investigated and demonstrated on similar thickness 

airfoils at significantly higher Reynolds numbers, so this behavior is expected (Stalnov, 

Kribus, & Seifer, 2010).  Nevertheless, this becomes the first indication of the potential 

for flow control, on this model, and at these locations.  These results suggested that it 
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would be possible to smooth out load variations that may occur as the blade dynamically 

is pitched in and out of stall.  This sparked the initial investigation into examining 

aerodynamic load variations during dynamic conditions.   

Figure 3.2 shows the variation of the drag coefficient with the angle of attack for the 

same range as Figure 3.1, that is, -5 
o
 to 26 

o
.  Here, a few effects stand out.  First, a jump 

in the drag coefficient can be seen at 18 
o
, which corresponds to the lift drop at the same 

angle, which again, indicates that this is the stall angle of attack.  When the jets are 

activated, there is a very small effect on the drag coefficient above 10
o
 angle of attack.  

This is important, as the lift to drag ratio is an important metric with respect to power 

generation on wind turbines, and reducing this ratio could potentially bring a turbine out 

of optimal power generation during normal operation, for which the local angle of attack 

does not exceed the stall angle of attack (Hansen M. O., 2008).  Finally, at low angles of 

attack, there appears to be a reduction in drag.  This effect is suggestive of the presence 

of a leading edge separation bubble (for the baseline case), which adds drag at these low 

angles of attack.  Note that the size of the separation bubble is very small, which is to be 

expected at this Reynolds number (Mueller & DeLaurier, 2003).  Moreover, PIV results 

failed to identify the presence of such a structure conclusively.  However, the presence 

of a laminar separation bubble can be anticipated, even at higher Reynolds numbers 

(Somers, 1997).  Note that the presence and effect of this separation bubble, especially 

with respect to flow control, is not directly investigated here.  For additional information 

on laminar separation bubbles, and the control thereof, see (Haggmark, Bakchinov, & 

Alfredsson, 2000), (Rodriguez, Gennaro, & Juniper, 2013), and (Packard, Thake, Jr., 

Bonilla, Gompertz, & Bons, 2013). 

Figure 3.3 shows the variation in pitching moment coefficient about the quarter 

chord under the same conditions as Figure 3.1 and Figure 3.2.  Here, the effect that flow 

control has on the pitching is quite evident.  At low angles of attack, the presence of flow 

control consistently flattens the pitching moment curve, such that is converges to -0.02.  

Thus, the baseline performance of this model deviates from theoretical incompressible 

flow solutions of pitching moment.  At low angles of attack, the pitching moment 

coefficient is anticipated to be independent of angle of attack (Anderson, Jr., 1991).  

This again suggests the presence of a leading edge separation bubble, which adversely 
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affects the pitching moment at these angles of attack.  As can be seen, activating the jets 

eliminates this issue.  At high angles of attack, the magnitude of the pitching moment 

increases.  This indicates that the flow control has a small stabilizing effect.   

Taking the static lift and static drag results together, these results identify the 

importance of considering several aerodynamic loads when evaluating the effectiveness 

of flow control.  Since wind turbine blades are mounted on a rotating system, as opposed 

to an aircraft, the stability of the pitching moment coefficient relative to some sort of 

center of gravity may not be of importance.  But, it may be that reducing the load 

variations with respect to lift could increase load variations in the pitching moment, and 

vice versa.  This would have the effect of swapping fatigue from one structural mode to 

another.  This needs to be examined closely under dynamic conditions with respect to 

flow control. 

3.1.2 Dynamic Pitching Load Cell Results from the Alpha Model 

In this section, preliminary results showing the variation of the coefficients of lift, drag, 

and pitching moment during dynamic pitching conditions are presented.  The 

investigation of dynamic pitching on the alpha model was conducted at relatively low 

reduced frequencies, as the chord of the model was only 0.127 m.  Moreover, since it 

was unknown a priori what kind of loads would be expected due to dynamic stall, it was 

first necessary to start at low reduced frequencies so as to not overload the motor and 

load cell.   

Figure 3.4 A-C show the variation of the lift, drag, and pitching moments, 

respectively, during dynamic pitching of the model for the baseline case and when the 

forward array of jets is actuated.  Here, the pitching frequency is 0.1 Hz, corresponding 

to a reduced frequency, kf , of  0.0015 (as defined in equation (1.1)).  Without flow 

control (i.e., baseline case) hysteresis loop is clearly visible for all three coefficients, 

where the lift coefficient varies by as much as 20% between the pitching up and down 

motions for a given angle of attack.  When flow control is applied, there is a reduction in 

the hysteresis loop.  As the momentum coefficient of the jets increases, the reduction in 

the hysteresis increases.  This hysteresis reduction can also be seen in the drag and 

pitching moment coefficient.  Since the hysteresis is reduced or eliminated during 



 

 44 

dynamic conditions the blade does not experience the instantaneous drop in the lift 

associated with abrupt separation during dynamic stall.  Furthermore, for both the 

baseline and actuated cases, there are variations in the lift at a frequency of 13 Hz.  

These variations correspond to the natural frequency of the model structure, which was 

also observed during a strike test conducted whereby the vibration was measured with a 

laser displacement sensor.  Moreover, Figure 3.4 A shows that there is a reduction in the 

lift coefficient while the model is pitching sinusoidally through the lower angles of 

attack, from 8.5
o
 to 12

o
.  This suggests that, if the purpose of flow control is to simply 

reduce hysteresis of the lift, there may be only a portion of the cycle during which the 

jets need to be actuated.  

Figure 3.5 presents similar data as Figure 3.4, but for an order of magnitude higher 

pitching frequency (0.015).  As can be seen in the baseline, the structural vibrations at a 

frequency of 13 Hz are significantly increased as the blade is now dynamically pitching 

at a frequency closer to the blades natural vibrational frequency.  However, when the jets 

are actuated, there is a reduction in the hysteresis in all three coefficients during the 

dynamic motion.  Also, a reduction in unsteady loading of the blade is observed.  The 

variation in drag during a dynamic cycle (Figure 5 B) suggests that the blade is vibrating 

in the edgewise direction at a frequency of 30 Hz, and as drag is measured along this 

plane; this vibrational frequency is readily identifiable.  In addition to identifying this 

edgewise vibrational frequency in the drag signal, the strike test used to identify the 

primary flapwise vibrational mode of 13 Hz was also used to identify a lower amplitude 

vibrational frequency of 30 Hz, which is taken to be the fundamental edgewise 

vibrational frequency.  Note that not only that there is a reduction in drag hysteresis as 

the momentum coefficient increases, but there is also a clear reduction in the 30 Hz 

vibration seen in the drag during the phase-average measured dynamic cycles.  Initially, 

it was assumed that as the flow near the trailing edge of the airfoil is reattached, the 

reduction in flow unsteadiness reduces the edgewise vibration.  However, as will be 

evidenced in section 3.2.4, some form of trailing edge separation is always present.  As 

such, an explanation for this reduction in the drag variation is tied to the reduction in lift 

variation, and is covered in section 3.3.2. 
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3.1.2.1 Partial Loop Actuation of Alpha Model 

Another aspect of flow control that was investigated was the possibility of partial loop 

actuation.  Partial loop actuation involves actuating the jets only during a portion of the 

cycle, where hysteresis reduction in lift is desirable.  Figure 3.6 A-C show the variation 

in the coefficients of lift, drag, and pitching moment under similar motion profile as 

Figure 3.4, which is a reduced frequency of 0.0015.  For the 30% loop actuation case, 

presented in purple, the jets are turned on as the blade is pitching up at 14
o
 angle of 

attack, and are turned off 3 seconds later, which is approximately 19
o
 as the blade 

pitches down.  For the 50% loop actuation case, presented in green, the jets are again 

turned on at 14
o
 angle of attack as the blade pitches up, and are turned off as the blade 

pitches down at 14
o
 angle of attack.  For both actuation cases, two things are evident.  

First, as soon as the jets are turned off for the 30% loop actuation case, the lift measured 

changes to closer to the baseline case within approximately 3 convective time steps, 

where one convective time step is the inverse of the characteristic frequency associated 

with the time of flight over the airfoil.  For the alpha model, this frequency is 208 Hz.  

Two, with the jets off at low angles of attack, there is very little deviation in lift, 

compared to the case where the jets were activated throughout the cycle, as seen in 

Figure 3.4.  This underscores the importance of investigating the actuation of the jets 

only during portions of the cycle where load modification is necessary.  This is not a 

major thrust of this current work, and the rationale behind this decision to not further 

investigate partial loop actuation is discussed in section 3.7. 

3.1.2.2 Pulse Modulation Actuation of the Alpha Model Jet Array 

Thus far, all results presented and discussed involve actuating the synthetic jets at a 

constant frequency of 2600 Hz.  In this section, the effect of pulse modulation will be 

presented.  Pulse modulation introduces a secondary frequency (i.e. the modulating 

frequency), which is at a much lower frequency than the carrier frequency of 2600 Hz.  

This can allow flow control to take advantage of other characteristic frequencies in the 

flow.  Since pulse modulation does not actuate the synthetic jets for the entire 

modulating period, less overall power may be required to achieve the same flow control 

objectives.  The term ‘% duty cycle’, hence, has been defined for pulse modulation 
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indicating the percentage in a period when the synthetic jets are actuated.  Note that 

100% duty cycle implies that the modulating frequency does not exist, thus, only the 

carrier frequency remains.  

Figure 3.7 shows the variation of the lift, drag, and pitching moment coefficients 

with angle of attack under similar motion profile as Figure 3.4, which is a reduced 

frequency of 0.0015, comparing pulse modulated cases at 20%, 60% and 100% duty 

cycle with respect to their baseline result.  The results shown in this section were run 

with a momentum coefficient of   =3.1x 10
-3

 and the reduced actuation frequency of fm
+
 

= 1.24.  Note that the 100% duty cycle case corresponds to the same momentum 

coefficient case plotted in Figure 3.4.  As can be seen, both pulse modulation cases at 

20% and 60% duty cycle have a significant effect on the hysteresis loop.  Comparing the 

60% duty cycle to the 100% duty cycle case, it can be observed that very similar 

reduction in hysteresis exists between these two cases.  This is important, as it 

demonstrates the potential of reducing power requirements to the synthetic jets while 

achieving similar effect in hysteresis reduction.   

Next, the results for the higher reduced frequency of 0.015 are presented in Figure 

3.8.   As can be seen, the baseline case has the highest peak lift during this cycle, which 

appears to show the effect of a dynamic stall vortex between 15% and 20% of the cycle 

(the corresponding angles of attack of 18.5
o
 and 19.2

o
, Figure 3.8 A).  After this 

transition from high lift to lower lift, which occurs between 20% and 25% of the cycle, 

there is a phase-locked oscillation in lift with its natural vibration frequency.  It is 

important to note that the amplitude of this oscillation is lower when pulse modulation is 

used, shown in purple, as compared to a 100% duty cycle.  

Figure 3.8 is shown at a reduced modulation frequency of fm
+
 = 1.24.  Figure 3.9 

shows the effect of different modulation frequencies.  As the modulation frequency is 

increased the hysteresis in lift increases, particularly at higher angles of attack.   This 

suggests that wisely choosing the modulation frequency with respect to the frequencies 

present in the flow is necessary.  Note that pulse modulation is not explored in depth in 

this study, and the rationale for this is presented in section 3.7. 
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3.2 Gamma Model Results 

Thus far, a quick survey of available load cell information suggests that the 

actuation of the synthetic jets can bring about load oscillation reduction, reducing 

hysteresis in lift, drag, and pitching moment coefficients during dynamic conditions.  

However, these investigations bring up some questions:  

1. What is occurring in the flow field that brings about these load changes? 

2. Is this actually reducing the physical vibration of the model? 

In order to better explore these questions, and to demonstrate that vibration reduction is 

actually occurring, a new model, the Gamma model, was designed and built as described 

in section 2.2. 

3.2.1 Gamma Model Static Lift, Drag, and Pitch Results 

Prior to investigating the dynamic load cell results of this model, it is first important to 

explore the static stall angle, similar to the approach laid out in section 0.  Figure 3.10 A-

C show the variation of the static lift, drag, and pitch moment coefficients of the Gamma 

model with angle of attack.  Here, the Reynolds number is again 220,000, as will be the 

case for all further data presented.  The angles presented vary from -5
o
 to 26

o
 angle of 

attack. 

As was the case with the Alpha model, the Gamma model exhibits a stall angle of 

18
o
, which can be seen in Figure 3.10 A.  Figure 3.10 B shows the variation in the drag 

coefficient with the angle of attack, where there is a jump in the drag at 18
o
.   Similarly, 

in Figure 3.10 C, where the pitch moment coefficient varies with the angles of attack, 

there is a sudden increase in the negative pitch coefficient at 18
o
.  All of these results 

support the claim that the stall angle is 18
o
.  Moreover, this indicates that there are no 

scaling issues with respect to changing the chord length of this model from 0.127m to 

0.2032m.  Next, the flow field at pre-stall and post- stall conditions, was investigated 

using SPIV and is presented in Section 3.2.2. 

3.2.2 Static PIV Results for the Finite Span Configuration 

It was established in sections 0 and 3.2.1 that the model exhibits a flattening of the lift 

curve between 10
o
 angle of attack and 19

o
 angle of attack.  This would suggest that 
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between the flow being attached, and the flow fully separated, there is some sort of 

intermediate condition.  This turns out to be trailing edge separation, which an S809 is 

characterized by.  Figure 3.11 shows the total velocity fields and vorticity fields at two 

angles of attack.  In this plot, and in all plots featured herein, the free stream is from left 

to right, and the free stream velocity,    is 16.8 m/sec.  In Figure 3.11 A and C, the 

angle of attack is 17
o
, and in Figure 3.11 B and C, the angle of attack is 18

o
.  Figure 3.11 

A-B present the contours of total velocity field superimposed with in-plane streamlines 

at the mid-span of the model (across jet 6).  Note that the total velocity is the RMS of all 

three velocity components (U, V, and W) direction, and is normalized by the free stream 

velocity,   .   

These figures clearly show the different flow fields associated with pre-stall to post-

stall conditions (angles of attack of 17 and 18
o
, respectively).  The location of separation, 

based on the streamlines, has moved from approximately 30% chord to less than 10% 

chord for angles of attack of 17 and 18
o
, respectively.  The recirculation region behind 

the airfoil for angle of attack of 18 
o
 has significantly grown in size.  To further visualize 

the difference between the two cases, Figure 3.12 shows surface-normal distribution of 

the wall tangent velocity at 70% chord.  Clearly, at this station, there is significantly 

more reverse flow at 18
o 

angle of attack compared to the 17
o
 angle of attack case.    

Figure 3.11 C-D show the normalized spanwise vorticity for the same conditions as 

Figure 3.11 A-B.  Changing the angle of attack by only one degree has caused the 

concentration of vorticity to move to the leading edge, and this vorticity now appears to 

be extending deeper into the region above the model, corresponding to the separated 

mixing layer.   

3.2.3 Comparing Infinite Span to Finite Span 

Prior to advancing into the analysis of the flow field over a finite span blade undergoing 

dynamic motion, it is important to address the following question: How does this flow 

field deviate from a infinite span (2-D) airfoil?  That is, since this model has an aspect 

ratio of 2.5 (associated with tip effects), is there a significant difference in the flow field 

versus if the aspect ratio were 100, which is more realistic for a wind turbine blade?  

Moreover, since a finite span blade can be associated with structural vibrations, would 
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this affect the aerodynamic performance of the blade?  To address these issues, the flow 

field around the model was also investigated using PIV on an infinite span configuration, 

as outlined in section 2.2.6. 

Figure 3.13 shows a comparison between the flow fields around the model at 15, 

16, 17, and 18
o
 angle of attack for an infinite span and finite span models.  The flow 

field over the infinite span model is presented in the left column of Figure 3.13, where 

the flow field is partially separated at a fixed angle of attack of 15
o
 (trailing edge 

separation), and the severity of the separation increases as the angle of attack increases.  

Note that the in-plane streamlines indicate that the flow fields are  both separated, and in 

the time averaged sense, there appears to be a region of recirculation to the rear of the 

airfoil.   The flow field over the finite span blade also exhibits trailing edge separation 

where the severity increases with angle of attack; however, the severity of the separation 

is smaller than for the infinite span model.  Now, on the surface, this would seem to be 

the first indication that the results taken from this finite span configuration cannot be 

generalized to higher aspect ratios.  However, examining higher and lower angles of 

attack will serve to belay this concern. 

Next, the fluctuating spanwise velocity component, w
*’

, and the time-averaged 

spanwise velocity, W
*
, fields over the finite span model were explored and are presented 

in Figure 3.14A-B and Figure 3.14C-D, respectively, for angles of attack of 13
o
 and 19

o
 

angles of attack.  In all the plots, in-plane streamlines are also included, where they have 

been colored white in order to more easily visualize the in-plane velocity field.  Note 

that w
*’2

 is the component of the Turbulent Kinetic Energy associated with the 

unsteadiness in the z-direction (i.e., into and out of the plane). 

In the infinite span configuration, as would be expected, this component is 

negligible at the lower angle of attack, indicating that there is little unsteadiness 

associated with the flow in the spanwise direction.  Also, the time-average spanwise 

velocity component is much smaller than the free stream velocity.  As such, the flow 

resembles, as would be expected, a 2-D flow field.  At the higher angle of attack, where 

the flow is separated, the flow is still two dimensional in the time-averaged sense (Figure 

3.14 D), but there is some unsteadiness in w
*’2

 along the mixing layer, associated with 

the separated flow.  This suggests that there is some unsteadiness associated with the 
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fluctuating component of the spanwise velocity field, which is to be expected in a region 

of separated flow.   

Figure 3.15 follows the same format as Figure 3.14, but for the finite span case.  

Again, here, w
*’2

 is plotted in Figure 3.15A-B, and W is presented in Figure 3.15C-D.  

As was the case with the infinite span configuration, at 13
o
 angle of attack the magnitude 

of w
*’2

 is very low throughout the measurement domain, and there appears to be no 

spanwise flow (i.e., along the span of the model).  Thus, even for the finite span model, 

at the mid-span of the model, the flow field is quasi-two dimensional at pre-stall angles 

of attack.  At post-stall angles of attack (19
o
 angle of attack), similar velocity distribution 

as the infinite span case can be seen.  Again, the only region where spanwise 

unsteadiness is present is at the mixing layer of the separated flow.   

Taken together, this suggests that the model behaves in a largely 2-D fashion in 

the case of the finite span blade.  The fact that the tip is allowed to vibrate does appear to 

change the static stall angle of attack, but does not appear to have a noticeable effect at 

13
o
 angle of attack and 19

o
 angle of attack.   

Extended to a large-scale wind turbine, this would have two effects.  First, if the 

tip of the blade was allowed to be flexible, which is the current trend in wind turbine 

development (Natarajan, 2014), the stall angle may increase to higher angles of attack.  

In the case of a stall regulate blade, this would be a concern, since the design purpose of 

stall regulation is to have the blades stall as the local angle of attack increases (Polinder, 

de Haan, Dubois, & Slootweg, 2005).  This effect would need to be accounted for in 

designing a flow control system, and would not be accounted for if results from infinite 

span flow control were generalized to real wind turbines.   

Second, while the flexibility of the tip does introduce this change to stall angle of 

attack, it does not necessarily mean that the flow has become three-dimensional.  This 

means that information obtained from relatively low aspect ratio models could be 

generalized to larger aspect ratios.  This would suggest the need for intermediate studies 

between small scale wind turbine models and full scale testing.  That way, the effect of 

flow control on high aspect ratio blades could be investigated without induced cross flow 

arising from rotational effects (Hansen M. O., 2008), but would include the effect that 
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blade vibration has with respect to the aerodynamics of flow fields near the stall angle of 

attack. 

The important effect to consider is that the flow field is similar at stall angles of 

attack.  This means that if flow control can mitigate separation at these higher angles of 

attack, it is anticipated that similar control can be affected at lower angles of attack if the 

flow field behaved in a similar manner as an infinite span model (this can be seen in 

Figure 3.16).  In Figure 3.16A-B, the Turbulent Kinetic Energy has been illustrated 

around the blade for the infinite span and finite span models, respectively, at a stall angle 

of attack of 19
o
.  Figure 3.16C-D present the spanwise vorticity field under the same 

corresponding conditions.  The separation point in both the infinite span and finite span 

configurations appear to be at the same chordwise location, and the turbulent kinetic 

energy fields suggest the existence of a shear layer (associated with the separated flow).  

As expected, there is concentration of high spanwise vorticity in this shear layer, and the 

vorticity fields for both cases are very similar.  Thus, the effect of vibration is present, 

but is not radically altering the flow in a noticeable manner at this angle of attack. 

3.2.4 Gamma Model Dynamic Pitching Results 

The examination of the flow field at static angles of attack is important; as if the 

incoming flow field to a wind turbine blade were steady enough, then the local angle of 

attack remains fixed at each station along the span of a wind turbine blade.  In fact, this 

fact is taken to be fiat in the examination of wind turbine blades with the so-called Blade 

Element Momentum Theorem, which assumes that lift, drag, and pitching moments can 

be obtained locally along the blade based on measurements from fixed angles of attack 

(Hansen M. O., 2008).  However, as outlined in section 1.2, the effects of changing 

incoming flow conditions can results in dynamic stall, and there will be a deviation in 

the flow field from static, baseline conditions.  In this section, the effect that dynamic 

pitching has on the flow field around this finite span S809 model is investigated. 

3.2.4.1 Reduced Frequency kf  = 0.035 Results – Finite Span 

In this section, an analysis of the flow fields around a dynamically pitching, finite span 

S809 airfoil is presented.  For this case, the model oscillated about 14
o
 angle of attack 
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with amplitude of 5.5
o
, at a frequency of 1.0 Hz (with a corresponding reduced pitching 

frequency, kf, of 0.035).   

3.2.4.1.1 Reduced Frequency kf  = 0.035 Results – Total Velocity 

Figure 3.17 presents the color contours of the normalized total velocity field for several 

angles of attack under dynamic conditions, where at each angle from 11
o
 (Figure 3.17 A) 

to 19
o
 (Figure 3.17 I) the blade was pitched up.  In addition, in-plane streamlines are 

included in each plot in order to better visualize the behavior of the flow.   

From Figure 3.17 it can be seen that the stall angle of attack is somewhere 

between 17
o
 and 19

o
.  In contrast to Figure 3.11B, at 18

o
 angle of attack, under dynamic 

conditions, the flow appears to still be relatively attached under dynamic conditions, 

where under static conditions (Figure 3.11B), the flow is separated.  Thus, under 

dynamic conditions, there is a delay in the inception of stall, which is to be expected 

(McCroskey W. , 1981).  Otherwise, as the blade is pitching up, the flow field appears to 

be fairly similar, between  = 11
o
 and 17

o
 angle of attack.  However, examining the total 

velocity does not provide sufficient information.  As such, additional quantities of 

interest were also explored. 

3.2.4.1.2 Reduced Frequency 0.035 Results – Vorticity 

Figure 3.18 presents the contours of the normalized spanwise vorticity with in-plane 

streamlines.  As was the case with Figure 3.17, the flow fields are presented for a range 

of angles of attack from 11
o
 (Figure 3.18A) to 19

o
 (Figure 3.18I).  The same behavior as 

Figure 3.17 is observed, where the vorticity fields are similar between 11
o
 and 17

o
.  At 

18
o
 (Figure 3.18H), and interesting effect becomes apparent, which cannot be captured 

when examining the corresponding total velocity field (Figure 3.17H).  That is, the 

vorticity appears to be concentrated near the leading edge of the airfoil.  This is an 

indication of the effect that dynamic pitching has with respect to the flow field around 

the airfoil, which is not present at static angles of attack.  Also, at this angle, the extent 

of the trailing edge separation appears to have actually reduced, a paradoxical effect, but 

suggestive of the presence of dynamic stall.  It is to be expected that as a dynamic stall 

vortex forms and convects downstream, there should be a pressure loss associated with 
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increased velocity near the surface of the airfoil, which is suggestive of the presence of 

such a process.  Thus, examining the vorticity fields clearly demonstrates the need to 

increase the resolution of the angles investigated, as skipping by a full degree is clearly 

missing some of the dynamic behavior of the flow field between 17
o
 and 19

o
 at this 

reduced frequency and these motion parameters. 

Prior to moving to this increased angle resolution examination, other parameters of 

interest should be considered, specifically the TKE around the airfoil.  Also, as the flow 

field is resolved fairly close to the airfoil, it is possible to obtain wall normal velocities 

along lines normal to the surface, in order to explore the behavior of the boundary layer 

and the separated flow regions.  

3.2.4.1.3 Reduced Frequency 0.035 Results – Turbulent Kinetic Energy 

Figure 3.19 shows the three components the Turbulent Kinetic Energy at the same 

angles of attack, and same motion parameters, as in Figure 3.17 and Figure 3.18.  At the 

lower angles of attack, 11
o 

to 17
o
 angle of attack, there is elevated concentration of TKE 

in the shear layer that exists between the trailing edge separation and the free stream.  At 

18
o
, near the leading edge, there is a buildup in the concentration of TKE (Figure 3.19 

H).  This effect is likely due to the increased velocity around the leading edge as the 

blade is pitching up.  By 18
o
, this effect has resulted in not only an accumulation of 

vorticity (Figure 3.18H), but also increased unsteadiness (Figure 3.19H).  By 19
o
, the 

turbulent kinetic energy has significantly increased, as compared to pre-stall conditions 

(Figure 3.19A-G).  Thus, once the flow field around the airfoil is completely separated, 

it is also associated with elevated unsteadiness.  In the time-averaged sense, these results 

in a loss of lift, as will be demonstrated in section 3.3.2.   

3.2.4.1.4 Reduced Frequency 0.035 Results – Boundary Layer Analysis 

Since the velocity field around the airfoil was resolved close to the surface, it is possible 

to use a body-fitted mesh to calculate and subsequently plot the wall tangent velocity at 

virtually any chordwise location.  Results of such an analysis are presented in this 

section 
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3.2.4.1.4.1 Reduced Frequency 0.035 Results – Boundary Layer at 30% Chord 

Figure 3.20 shows the boundary layer profile at angles of attack from 11
o
 to 19

o
 at 30% 

chord, Y* is the distance away from the wall normalized by the chord length.  The 

velocity is plotted along the x-axis, and is the wall normal velocity normalized by the 

free stream velocity, which is taken to be 16.8 m/sec.  Note that the total velocity fields 

corresponding to these angles of attack suggested similar flow fields between 11
o
 and 

17
o 

(Figure 3.17A-G).  As can be seen in Figure 3.20, the boundary layer profiles reveal 

increased velocity in the boundary layer as the angle of attack increases.  This 

corresponds to the finding that as the angle of attack increases, the velocity in the near-

wall at the leading edge increases.  At 18
o
, the boundary layer thickness has grown 

significantly compared to lower angles of attack, and by 19
o
, reverse flow is evident at 

this chordwise location.   

3.2.4.1.4.2 Reduced Frequency 0.035 Results – Boundary Layer at 50% Chord 

Next the boundary layer profiles farther downstream at 50% chord were analyzed 

(Figure 3.21).  A similar trend as Figure 3.20 is seen, whereas the angle of attack 

increases, the flow near the surface increases due to the acceleration near the leading 

edge, and eventually, the flow is fully separated at 19
o
 and reverse flow is clearly 

present.  However, a close examination of this trend reveals an interesting effect.  At 18
o 

(Figure 3.21I) while the boundary layer thickness increased (similar to Figure 3.20H), 

the flow actually appears to have a higher velocity near the wall compared to the case at 

17
o
 (Figure 3.21G).  Again, this underscores the need to increase the resolution of the 

angles investigated, increasing the data collected between 17
o
 and 19

o
 angle of attack. 

3.2.4.1.4.3 Reduced Frequency 0.035 Results – Boundary Layer at 70% Chord 

Farther down the chord of the airfoil at 70% chord (Figure 3.22), the effect evidenced at 

50% chord becomes more pronounced.  At all angles of attack between 11
o 

and 19
o
, 

there is evidence of reverse flow near the surface except for one particular angle of 

attack of 18
o 

(Figure 3.22H).  It is clear that between the change from trailing edge 

separation ( = 17
o
) to full separation ( = 19

o
), there is an increase in the velocity along 
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the chord of the airfoil.  This velocity variation would suggest a variation in loading, 

which could affect the blade’s structure.   

3.2.4.2 Reduced Frequency 0.035 – Infinite Span Configuration 

It has already been established at fixed angles of attack that the flow field around the 

model is very different for angles of attack between 13
o
 and 19

o
.  Thus, in order to 

evaluate how the present dynamic pitching results could be generalized to higher aspect 

ratio models, it is important to consider how the flow field evolves under the same 

dynamic pitching conditions, but for an infinite span model.  In this section, flow field 

captured during dynamic conditions prescribed by an average attack of 14
o
, amplitude of 

oscillation of 5.5
o
, and a pitching frequency of 1.0 Hz is presented.  This frequency of 

oscillation corresponds to a reduced frequency kf of 0.035.  As such, this motion profile 

is the same as for the results presented in section 3.2.4.1, with the only difference being 

that the model is fixed on both ends, the infinite span configuration.   

3.2.4.2.1 Reduced Frequency Results 0.035 – Total Velocity, Infinite Span 

Figure 3.23 shows total velocity contours at angles of attack 11
o
 (Figure 3.23A) through 

19
o
 (Figure 3.23I) during dynamic pitching conditions.  These figures stand in contrast to 

Figure 3.17, which are the corresponding angles under the same motion parameters, but 

with the finite span configuration implemented. 

Figure 3.23 presents color contours of the total velocity field over the suction 

portion of the blade, superimposed with in-plane streamlines, for a range of angles of 

attack from 11
o
 to 19

o
 when the blade undergoes dynamic pitch.  At the lower angles of 

attack of 11
o
 through 16

o
 (Figure 3.23A–F), the flow field appears to be dominated by 

trailing edge separation, as is the case with the corresponding angles for the finite span 

configuration (Figure 3.17A-F).  However, at 17
o
 angle of attack (Figure 3.23G), the 

flow field suggests that the transition from trailing edge separation to fully separated 

flow has already started, where this transition would occurred between 18
o
 and 19

o
 for 

the finite span configuration (Figure 3.17H-I).  This suggests that the vibrations of the 

blade is likely affecting when separation occurs under dynamic motion conditions, as it 

does at static angles of attack.  Thus, the same trend seems to occur, that is, unsteady 
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transition from trailing edge separation to full separation, albeit at different angles of 

attack.   

3.2.4.2.2 Reduced Frequency Results 0.035 – Vorticity, Infinite Span 

Additional details about the evolution of this flow field can be gained by examining the 

normalized spanwise vorticity field in the same planes as 3.2.4.2.1.  Figure 3.24 shows 

the spanwise vorticity field under dynamic pitch for angles of attack from 11
o
 to 19

o
.  

For angles of attack below 15
o
, the vorticity field appears to have a large concentration 

in the shear layer between the recirculation region and the free stream (Figure 3.24A-F).  

The vorticity beings to accumulate near the leading edge at  = 16
o
, followed by the 

burst of this vorticity concentration into the far field as the flow becomes fully separated 

at 17
o
.  This means that the vorticity field evolves in a similar fashion under dynamic 

conditions in the infinite span case as the finite span case with respect to the vorticity; 

however, the angle of attack where the flow changes from trailing edge separation to 

fully separated flow shifts to a lower angle of attack for the infinite span configuration.   

3.2.4.2.3 Reduced Frequency Results 0.035 – TKE, Infinite Span 

An examination of the evolution of TKE under dynamic conditions results in the same 

conclusion as for the evolution of the vorticity fields under dynamic conditions.  Figure 

3.25 shows the evolution of TKE field under dynamic conditions for angle of attack from 

11
o
 to 19

o
.  As was the case for the finite span configuration, there is an accumulation of 

TKE near the leading edge at  = 16
o
 (Figure 3.25F), followed by an apparent burst of 

this TKE into the far field at  = 17
o
, which results in a significant increase in flow 

unsteadiness near the airfoil, which convects downstream by  = 18
o
 (Figure 3.25H).  

The evolution of this TKE field during dynamic conditions is of interest, as it may yield 

insight into how the flow field affects the blade’s structure during dynamic conditions.  

Again, as has been the theme thus far, this underscores the need to obtain a finer 

resolution of the angle of attack during this portion of the cycle. 
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3.2.4.2.4 Reduced Frequency Results 0.035 – Boundary Layer, Infinite Span 

Due to the experimental setup, there are challenges that occur in the placement of the 

cameras, and as such, it is difficult to fully resolve the flow field near the blade’s surface 

on the entire suction side of the model.  However, it is possible to at least plot the 

boundary layer profile at 30% chord.  Figure 3.26 shows the evolution of the boundary 

layer profile from  = 11
o
 (Figure 3.26A) to 19

o
 (Figure 3.26I) under dynamic motion 

conditions for the infinite span configuration.  As the model pitches to higher angles of 

attack, eventually, at  = 19
o 

(Figure 3.26I), there is evidence of reverse flow.  This 

stands in contrast to an inspection of the vorticity, which suggests that the flow field has 

transitioned to fully separated flow by  = 17
o
 (Figure 3.24G).  This again underscores 

the importance of not drawing too many conclusions from one particular aerodynamic 

quantity of interest, but instead, evaluate the same flow field from several perspectives.  

In this way, the infinite span airfoil may be behaving closer to the finite span 

configuration after all, since they experience reverse flow at the same angle of attack at 

30% chord under dynamic conditions (Figure 3.20), albeit with lower magnitude for the 

peak reverse flow wall tangent velocity for the infinite span configuration at this station. 

3.2.4.3 Comparing Infinite Span to Finite Span under Dynamic Conditions 

Sections 3.2.4.1 and 3.2.4.2 layout how the flow field evolves under dynamic pitching 

motion conditions for varying angles of attack.  This section lays out the differences 

between these configurations with respect to the evolution of the total velocity, spanwise 

vorticity, and Turbulent Kinetic Energy.   

3.2.4.3.1 Infinite Span to Finite Span Comparison, Dynamic Conditions - Velocity 

Figure 3.27 is a side-by-side comparison of the total velocity fields for  = 13
o
, 15

o
, 

17
o
, and 19

o
.  As was previously stated, at  = 13

o
 as the blade pitches up (Figure 3.27A-

B), while the infinite span configuration shows a greater region of lower total velocity, 

the finite span configuration shows only trailing edge separation.  An examination of the 

streamlines suggest that the flow separates at a chord wise location 10% closer to the 

leading edge of the airfoil in the infinite span configuration (Figure 3.27A) as compared 

to the finite span configuration (Figure 3.27B).   
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By  = 15
o 

(Figure 3.27C-D), the flow fields appear to have converged to similar 

patterns, and the separation point for both configurations appears to be around 50% 

chord, based on a visual inspection of the in-plane streamlines.  By  = 17
o
 (Figure 

3.27E-F), while the flow field appears to be in the midst of changing from trailing edge 

separation to fully separated flow in the case of the infinite span configuration (Figure 

3.27E), the flow is still characterized by trailing edge separation for the case of the finite 

span configuration (Figure 3.27F).  Thus, the model enters stall at a lower angle of attack 

for the finite span configuration that the infinite span configuration.  Thus, any reduced 

order model that would model this behavior (e.g., BEM, Leishman-Beddoes) would need 

to incorporate such information in either a semi-empirical manner, or by accounting for 

the behavior of the structure and how that affects the flow in a manner consistent with 

fluid-structure interaction models (Leishman & Beddoes, A Generalised Model for 

Airfoil Unsteady Aerodynamic Behaviour and Dynamic Stall Using the Indicial Method, 

1986), (Hansen M. O., 2008).  For the purposes of the present investigation, it is only 

necessary to acknowledge that this inflection point between trailing edge separation and 

fully separated flow occurs at a differing angle for the infinite span configuration and 

finite span configuration, but that the start and end flow conditions are similar, so that 

future work built on this study could incorporate such knowledge into future closed loop 

control systems.  

3.2.4.3.2 Infinite Span to Finite Span Comparison, Dynamic Conditions – Vorticity 

Considering the evolution of the normalized spanwise vorticity field is also of 

importance, as has been previously established.  Figure 3.28 shows a comparison 

between the vorticity fields at  = 13
o
, 15

o
, 17

o
, and 19

o
 angle of attack between the 

infinite span and finite span configurations.  The concentration of vorticity is 

consistently lower for the infinite span configuration versus the finite span configuration.  

This suggests that there is increased mixing in the case of the infinite span configuration, 

which is diffusing the vorticity more rapidly than in the case of the finite span 

configuration.   
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3.2.4.3.3 Infinite Span to Finite Span Comparison, Dynamic Conditions – TKE 

Since the vorticity fields appear to be more diffused when comparing vorticity fields 

between the infinite span configuration and finite span configuration, an examination of 

the TKE field under the same conditions leads insight to the cause.  Figure 3.29 shows a 

comparison between the TKE fields calculated for the infinite span configuration and 

finite span configuration at  = 13
o
, 15

o
, 17

o
, and 19

o 
under dynamic pitching conditions.  

As was stated previously, there appears to be some unsteadiness present near the leading 

edge at  = 13
o
 in the infinite span configuration (Figure 3.29A) that is not present in the 

finite span configuration (Figure 3.29B), and this unsteadiness subsides until  = 17
o
, 

where the unsteadiness begins to build up prior to the changeover to fully separated 

flow.   

3.2.4.3.4 Infinite Span to Finite Span Comparison, Concluding Remarks 

So, presented thus far has been a detailed, angle by angle, analysis of the flow field 

around a dynamically pitching S809 airfoil at 14
o 

average angle of attack, 5.5
o
 amplitude 

of oscillation, and reduced frequency kf of 0.035.  It has been observed that, while the 

change from trailing edge separation to fully separated flow occurs at approximately 

between 1
o
 and 2

o
 angle of attack lower for the infinite span configuration than the finite 

span configuration, the change in the flow field starts and ends in similar flow patterns, 

that is, trailing edge separation and fully separated flow, respectively.  However, the 

question remains, what does this transition look like?  What occurs in the flow in the 

phase averaged sense that defines this transition.  For that, it is necessary to increase the 

resolution in angles of attack investigated from 1
o 
to 0.1

o
. 

3.2.4.4  Trailing Edge Separation to Fully Separated Flow 

In this section, a detailed description of the changes that occur to the flow field between 

 = 17
o
 and 19

o
 is presented for the finite span model configuration.  The motion 

parameters for this case are 14
o
 average angle of attack, 5.5

o
 amplitude of oscillation, 

and reduced frequencies of 0.035 and 0.5.  The reduced frequency is varied to 

investigate how sensitive this change from trailing edge separation to fully separated 

flow is to changes in the pitch frequency.  The acceleration of the flow around the 
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leading edge of the airfoil leads to an increase in vorticity.  Does increasing the rate at 

which the blade pitches speed this effect up, or will it delay the build up to a higher 

angle of attack?  This question will be addressed.  But, the bigger questions to address 

first are, what does this transition look like, and can a flow field phenomenon explain 

load variations that may occur during this transition?  

3.2.4.4.1 Separation Transition – Total Velocity Field 

Section 3.2.4.1 established that between  = 17
o
 and 19

o
, there is a substantial change in 

the flow field around the finite span model configuration.  To better illustrate this, Figure 

3.30 shows the total velocity fields captured at every 0.2 degrees between 17.7
o
 (Figure 

3.30A) and 19.3
o
 (Figure 3.30I). 

As can been seen in Figure 3.30, the change of the flow field stands out, which 

may not be readily apparent by only examining the flow field at 1
o
 increments. Note that 

at 18.3
o 

(Figure 3.30D), the shear layer between the trailing edge separation and free 

stream appears to be closer to the surface of the model.  By  = 18.5
o 

(Figure 3.30E), it 

appears that a new flow structure has formed near the leading edge and is beginning to 

convect downstream.  As this apparent structure continues to convect downstream, the 

severity of the flow separation increases and by  = 19.1
o 

(Figure 3.30H), the flow 

appears to be fully separated.  Therefore, an inspection of the total velocity field and the 

corresponding in-plane streamlines suggest that a dynamic stall phenomenon is 

occurring (i.e., the formation of a leading edge vortex which convects downstream, 

temporarily reducing pressure along the surface and increasing lift), it is not enough to 

infer this from velocity information alone.  Previous studies under similar conditions, 

albeit for different airfoils, failed to identify such a process, the diminishing of a trailing 

edge structure in favor of a leading edge structure (Muller, Vahl, Strangfeld, Nayeri, 

Paschereit, & Greenblatt, 2013).   

3.2.4.4.2 Separation Transition – Vorticity Field 

In addition to the velocity field, the spanwise vorticity fields were calculated and are 

presented in Figure 3.31 at every 0.2 degrees between  = 17.7
o
 (Figure 3.31A) and 

19.3
o
 (Figure 3.31I).  Figure 3.31 shows that there is a buildup of negative vorticity near 
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the leading edge as the blade pitches up, which appears to reach a peak concentration at 

 = 18.3
o 

(Figure 3.31D).  Then, as the blade continues to pitch up, this vorticity 

concentration bursts into the surrounding fluid downstream, while positive vorticity 

becomes much more pronounced along the surface of the airfoil.  Also, the region of 

recirculation present for the trailing edge separation appears to move toward the leading 

edge between  = 17.7
o 

(Figure 3.31A) and 18.3
o 

(Figure 3.31D).  This is where an 

interesting effect appears to occur, an effect that will require a more in-depth analysis, 

which is provided in section 3.4.  It seems that the recirculation region near the trailing 

edge subsides, and a new recirculation region forms near the leading edge, which then 

convects downstream.  This effect happens over a very narrow range of angles of attack 

(i.e., at a very short time scale relative to the time scale of the motion of the blade), 

which could easily be missed without sufficient angular resolution in the measurement.  

However, this effect appears to be captured here.   

3.2.4.4.3 Separation Transition – TKE 

Figure 3.32 presents the TKE fields computed from the instantaneous velocity fields 

captured at angles of attack between  = 17.7
o
 (Figure 3.32A) and 19.3

o
 (Figure 3.32I).  

A trend similar to the trend identified with the vorticity field (Figure 3.31) in this same 

portion of the cycle can be identified.  As the blade pitches up, there is a buildup of TKE 

near the leading edge, and by  = 18.5
o
 (Figure 3.32E), this concentration begins to 

move downstream.  By  = 19.3
o
 (Figure 3.32I), the TKE is concentrated in the 

separated shear layer (Figure 3.31I).  However, contrasting the concentration of TKE at 

 = 19.3
o
 (Figure 3.32I) with the concentration of vorticity at the same angle of attack

 

(Figure 3.31I), the vorticity appears to be concentrated near the leading edge, while the 

TKE is concentrated in the shear layer.  This again underscores the importance of 

evaluating multiple aerodynamic quantities of interest in order to understand an unsteady 

flow field.  If one were to evaluate the vorticity field alone, the conclusion may be 

(erroneously, it turns out) be drawn that the unsteadiness in the flow field is concentrated 

near the leading edge, while in fact, the unsteadiness appears to be farther downstream, 

centered over the trailing edge of the model.   
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An analysis of just the TKE is insufficient, however, in determining in which 

direction the flow field is unsteady, as TKE is a measure of overall, three-component 

unsteadiness.  In order to better understand along which axis the flow is unsteady, it is 

necessary to examine the individual components of the TKE, the terms outlined in 

equation (2.9).   

3.2.4.4.4 Separation Transition – Unsteady U Component of Velocity 

Figure 3.33 shows the flow fields of the normalized streamwise stress,   ̅   
 ⁄ , for 

angles of attack between  = 17.7
o
 (Figure 3.33A) and 19.3

o
 (Figure 3.33I).  Comparing 

these flow fields with the corresponding fields of the TKE (Figure 3.32) shows that most 

of the TKE is associated with the streamwise unsteadiness, as expected.  This 

unsteadiness builds up near the leading edge for angles of attack between 17.9
o
 (Figure 

3.33B) and 18.3
o
 (Figure 3.33D), which is then begins to move downstream by  = 18.7

o
 

(Figure 3.33F).  As the model continues to pitch to higher angles of attack, eventually, 

this streamwise unsteadiness spreads out into a larger portion of the surrounding flow 

field, and by  = 19.3
o
 (Figure 3.33I), this unsteadiness is mainly in the separated shear 

layer. 

 Also, as the blade pitches up, there appears to be a peak in the unsteady u 

component at  = 19.1
o
 (Figure 3.33H) that is reduced by  = 19.3

o
 (Figure 3.33I).  This 

may be an effect due to the fact that the angular acceleration of the flow decreases as the 

blade approaches the peak angle for the prescribed motion of 19.5
o
.  To wit, the flow 

field has more convective cycles to adjust to the angle of attack between 19.3
o 

and 19.5
o 

than between 19.1
o 

and 19.3
o 

angle of attack.  As such, the unsteadiness in the flow is 

now being driven by the recirculation region, rather than the acceleration of the flow 

around the leading edge of the model.   

3.2.4.4.5 Separation Transition – Unsteady V Component of Velocity 

Figure 3.34 shows the flow fields of the normalized normal stress,   ̅   
 ⁄ , for angles of 

attack between  = 17.7
o
 (Figure 3.34A) and 19.3

o
 (Figure 3.34I).  In comparison to the 

streamwise stress (Figure 3.33), the magnitude of the vertical stress is much smaller, 

while the streamwise unsteadiness appears to grow in concentration near the leading 
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edge by  = 17.9
o
 (Figure 3.33B), the normal unsteadiness does not appear to be 

growing in concentration appreciably until  = 18.3
o
 (Figure 3.34D).  This would 

suggest that the unsteadiness present in the flow field around the model might be due to 

the acceleration of the flow around the leading edge, and not due to unsteady flows 

introduced into the flow due to the vibration of the blade.  The extension of this is that 

vibration in the blade is caused by the unsteadiness in the flow, which leads to the 

assumption that if the flow field can be altered (via flow control), that the vibration can 

be reduced.   

Another interesting effect that can be gleaned by comparing the streamwise and 

normal stresses is that the peak concentration of the streamwise stress appears to be 

occur at lower angle of attack compared to that of the normal stress.  This is interesting 

from the standpoint of flow control, which would seek to introduce momentum into the 

flow such that the effect of flow control is maximized.  It remains an open question if it 

is more beneficial to introduce momentum into the flow parallel or perpendicular to the 

direction of the highest Reynolds Stresses.  Future work with respect to this study would 

benefit from an exploration of the angle at which the jet emerges from the orifice under 

these dynamic conditions.     

3.2.4.4.6 Separation Transition – Unsteady W Component of Velocity 

Figure 3.35 shows the normalized spanwise stress,   ̅̅ ̅   
 ⁄ , for angles of attack 

between  = 17.7
o
 (Figure 3.35A) and 19.3

o
 (Figure 3.35I).  Similar to the trend shown 

in the normal stress at the same angles of attack (Figure 3.34), the magnitude of the 

spanwise stress is small until  = 18.3
o
 (Figure 3.35D).  At this angle of attack during 

the dynamic pitch, the magnitude of the spanwise stress increases, and this concentration 

begins to move downstream, corresponding to the shear layer.  By the time the flow field 

has made the transition to full separation at  = 19.3
o
 (Figure 3.35I), the region of the 

highest concentration of the spanwise stress appears to a) be concentrated in the 

recirculation region at the aft portion of the model, and b) lower amplitude compared to 

the concentration at lower angles of attack.  This indicates that, as the transition between 

trailing edge separation and full separation occurs, the unsteadiness in the flow field 

becomes increasingly 3-D in nature (peaking at  = 18.9
o
, Figure 3.35G), then subsides 
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back to being quasi 2-D in nature by  = 19.3
o
, Figure 3.35I).  This effect suggests that 

significant variation in the loading occurs during this portion of the cycle, and 

corresponds fairly closely with the angle of attack where stall is expected to occur, based 

on load cell results previously discussed (section 3.1.2).  This also serves to demonstrate 

that the flow is quasi 2-D even under dynamic motion conditions, except during the 

transition from trailing edge separation to fully separated flow, at the mid-span of the 

model.  It appears that it is not the vibration of the blade that drives unsteadiness in the 

flow field (and regardless if cross flow is introduced by this vibration).  Rather, it is the 

unsteadiness in the flow (that originates at the leading edge, due to the acceleration of 

the flow), which results in an accumulation and burst of vorticity.  It is this process that 

introduces vibration into the model.   

3.2.4.4.7 Separation Transition – Wall Tangent Velocity Profiles 

Figure 3.36 shows the cross-stream distribution of the wall tangent velocity component 

at 30% chord between  = 17.1
o
 (Figure 3.36A) and 19.3

o
 (Figure 3.36L) at 0.2

o
 

increments.  From these profiles, it can be seen that the reverse flow region extends at 

least to 30% from the trailing edge at  = 18.3
o
 (Figure 3.36G).  By  = 18.9

o
 (Figure 

3.36J), at 30% chord, the magnitude of the maximum reverse flow velocity near the wall 

has peaked, and starts to subside at  = 19.3
o
 (Figure 3.36L).  The same overall trend 

can also be seen at 50% chord location (Figure 3.37).  At  = 18.9
o
 (Figure 3.37J), the 

reverse flow appears to reach a peak at this chord location, and then begins to subside as 

the angle of attack increases.  Neither one of these stations show anything remarkable, in 

consideration of what is to be expected during dynamic conditions as an airfoil pitching 

into and out of stall conditions.  The interesting effect occurs at the 70% chord location. 

Figure 3.38 shows the evolution of the wall tangent velocity profiles for angles of 

attack between  = 17.1
o
 (Figure 3.38A) and 19.3

o
 (Figure 3.38L) at 0.2

o
 increments. At 

 = 17.1
o
 (Figure 3.38A), the flow near the wall is reversed, which is not surprising in 

light of the behavior of the model at 30% chord (Figure 3.36) and 50% chord (Figure 

3.37).  What is of interest is that the magnitude of this reverse flow appears to be 

reducing between  = 17.1
o
 (Figure 3.38A) and 18.1

o
 (Figure 3.38F), before increasing 

again in magnitude to apparent full separation by  = 18.7
o
 (Figure 3.38I).  Thus, during 
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the change from trailing edge separation to full separation, there is a narrow band of 

angles of attack (between 17.1
o
 and18.1

o
) where the flow near the surface becomes 

energized.  This is evidence of a dynamic effect that is not a dynamic stall.  One would 

anticipate that the flow near the wall due to the presence of a dynamic stall vortex would 

be reversed, that is, from trailing edge to leading edge.  However, here, the flow appears 

to increase in magnitude in the streamwise direction, from leading edge to trailing edge.  

Certainly, it can be anticipated that this will cause an increase in the pressure difference 

between the pressure side and suction side of the blade, leading to higher lift at this 

range of angles of attack.   

This increase in wall normal velocity in the chordwise direction occurs during the 

portion of the cycle before the buildup and concentration of the vorticity near the leading 

edge, which occurs at 18.1
o
 (Figure 3.31 C) and the apparent buildup of unsteadiness in 

the velocity field near the leading edge, as evidenced by an evaluation of TKE near the 

leading edge at 18.1
o
 (Figure 3.32C).  If one was to evaluate the flow fields by 

inspection of the streamlines, it would appear that the formation of a vortical structure 

near the leading edge, which may be called a dynamic stall vortex, appears to take place 

between 18.3
o 

and 18.5
o
.  In order to better understand what is occurring here, it is 

important to evaluate the wall tangent velocity, vorticity, and TKE along this same line. 

Figure 3.39 shows the cross-stream distribution of the wall-normal velocity 

component at 30% chord between  = 17.1
o
 (Figure 3.39A) and 19.3

o
 (Figure 3.39L) at 

0.2
o
 increments.  At 17.9

o
 angle of attack, Figure 3.39E, there appears to be a region near 

the wall where the wall-normal velocity is negative; thus, toward the wall.  As the angle 

of attack increases, this region of virtually zero velocity wall-normal persists; thus, it 

would appear that the first indication that some sort of recirculation region is present at 

30% chord occurs at 17.9
o
 angle of attack, which is before it becomes readily apparent in 

the examination of the corresponding streamlines  (Figure 3.31B). 

Figure 3.40 shows the cross-stream distribution of normalized spanwise vorticity at 

30% chord between  = 17.1
o
 (Figure 3.40A) and 19.3

o
 (Figure 3.40L) at 0.2

o
 

increments.  As the angle of attack increases, the peak negative value of vorticity 

decreases until 18.1
o
.  At this point, instead of the peak vorticity decreasing, this peak 
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moves away from the surface, indicating that the shear layer is moving away from the 

surface (i.e., enhanced separation). 

A similar trend can be seen by examining the TKE fields.  Figure 3.41 shows the 

cross-stream distribution of the TKE at 30% chord between  = 17.1
o
 (Figure 3.41A) and 

19.3
o
 (Figure 3.41L) at 0.2

o
 increments.  However, while the trend is similar, the angle at 

which the peak TKE is seen is higher, at 18.7
o
.  Note that the decrease in maximum peak 

vorticity precedes the peak in maximum TKE.  Moreover, the distance from the surface 

to the maximum TKE and minimum vorticity do appear to correspond.  This picture 

stands in contrast to an examination of the vorticity field (Figure 3.31) and the TKE field 

(Figure 3.32).  Qualitatively, they appear different, but examination along a line normal 

to the surface shows the peak location of each quantity is the same.  And, considering 

these plots, it is evident that the flow field is moving toward the formation of a leading 

edge vortex at 17.1
o
 angle of attack.   

3.2.4.5 Separation Transition: The Effect of Reduced Frequency 

In this section, a comparison in the separation transition for angles of attack between  = 

17
o 

and 19
o
 is evaluated at two different reduced frequencies, kf = 0.035 and 0.05.  Note 

that throughout this section (as was for section 3.2.4.4), the model pitched about 14
o
 

angle of attack with amplitude of 5.5
o
.   

3.2.4.5.1 The Effect of Reduced Frequency – Total Velocity 

In order to address the question on how is this separation transition affected by the 

pitching frequency, a comparison of the total velocity fields at selected angles of attack 

is presented.  Figure 3.42 shows a comparison of the total velocity field, superimposed 

with in-plane streamlines, between a reduced frequency of 0.035 on the left, and a 

reduced frequency of 0.05 on the right side.  These reduced frequencies correspond to 

dimensional pitching frequencies of 1.0 Hz (left side of Figure 3.42) and 1.5Hz (right 

side of Figure 3.42), and represents an increase of 50% in the pitch rate with respect to 

the change in angle of attack at a given angle.   

At an angle of attack of 17.1
o
, the total velocity fields and streamlines appear to be 

very similar for both pitch rates.  This suggests that at this angle, the effect that defines 
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the transition from trailing edge separation to fully separated flow has not yet incepted 

for either reduced frequency (Figure 3.42A and Figure 3.42B).  This trend continues up 

to an angle of attack of  = 17.8
o
 (Figure 3.42C and D).  By  = 18.5

o
, at a reduced 

frequency of 0.035 (Figure 3.42E), the transition appears to be ahead of the higher 

reduced frequency case (Figure 3.42F) with respect to the pattern previously outlined in 

this section, that of the formation of a vortex near the leading edge of the blade that 

begins to convect downstream.  By  = 19.2
o
, however, the flow fields are again very 

similar (Figure 3.42G and H). 

3.2.4.5.2 The Effect of Reduced Frequency – Spanwise Vorticity 

Figure 3.43 illustrates the normalized streamwise vorticity fields at four different 

angles of attack, the same angles as described in the previous section, between  = 17.1
o
 

and 19.2
o
.  As was the case with the total velocity fields (Figure 3.42), the major 

difference between the two reduced frequencies appears at  = 18.5
o
.  At both reduced 

frequencies, 0.035 (Figure 3.43E) and 0.05 (Figure 3.43F), there appear to be regions of 

recirculation near the leading edge.  The apparent center of recirculation in Figure 3.43E 

appears to be farther downstream compared to the same angle of attack at reduced 

frequency 0.05 (Figure 3.43F).  This further supports the idea that a) the transition is 

weakly sensitive to the pitch rate, and b) that the same pattern in transition from trailing 

edge separation to full separation occurs at least across this band of reduced frequencies.  

Future work would benefit from conducting PIV at a real frequency of 3.0 Hz, 

corresponding to a reduced frequency of 0.1, which would be in the middle of the band 

of reduced frequencies expected in the field (Butterfield, Huyer, & Simms, Recent 

Results from Data Analysis of Dynamic Stall on Wind Turbine Blades, 1992).  This 

would confirm that either the same trend in transition from trailing edge separation to 

full separation occurs at a higher reduced pitching frequency, or that different effects 

appear if the pitching rate is sufficiently increased.   

3.2.4.5.3 The Effect of Reduced Frequency – TKE 

An examination of the evolution of the TKE fields (Figure 3.44) during dynamic 

conditions at the two reduced frequencies yields the same insights as was obtained from 
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the velocity and vorticity fields, with one notable exception.  In Figure 3.44G and Figure 

3.44H, the TKE field is plotted at  = 19.2
o
 for reduced frequencies of 0.035 and 0.05, 

respectively.  Here, it can be seen that the intensity of the TKE is higher at reduced 

frequency 0.05.  Thus, while by inspection of the velocity field may lead to the 

conclusion that the flow fields are very similar at this angle of attack, an analysis of the 

TKE suggests that the flow field pattern is still lagging in the case of reduced frequency 

0.05.  Thus, the transition is somewhat dependent on the reduced frequency.   

Clearly, the full field analysis is insufficient to fully appreciate the deviations 

between these two flow fields.  It is therefore necessary to investigate the evolution of he 

boundary layer profile at these angles of attack at different chordwise locations, in order 

to see the effect of the reduced frequency on the boundary layer.  This could give insight 

into how the reverse flow region evolution changes with reduced frequency. 

3.2.4.5.4 The Effect of Reduced Frequency – Wall Tangent Velocity Profiles 

Figure 3.45 shows a comparison of the boundary layer profiles at 30% chord at two 

different reduced frequencies, and at four different angels of attack.  Figure 3.45 shows 

that the velocity profiles collapse on top of each other at  = 17.1
o
; thus, at this 

chordwise location, the flow field does not appear to be dependent on the reduced 

frequency.  The same can be said on the profiles at  = 17.8
o
, (Figure 3.45B).  However, 

at angle of attack of 18.5
o
, the velocity profile at 30% chord at slightly different between 

reduced frequency 0.035 and 0.05, where the reverse flow appears to be of greater 

magnitude at a reduced frequency 0.035 versus 0.05 (Figure 3.45C).  Then, by angle of 

attack of 19.2
o
 (Figure 3.45D), the velocity profiles are again very similar, especially 

near the wall.   

Figure 3.46 shows a comparison of the boundary layer profiles at 50% chord at 

the same two reduced frequencies, and at the four angels of attack.  As was the trend at 

30% chord, there is no appreciable difference in the velocity profiles at  = 17.1
o 

and 

17.8
o
 (Figure 3.46A and B).  As was the case at 30% chord, at 50% chord and  = 18.5

o
, 

(Figure 3.46C) the velocity profiles between the two reduced frequencies diverge.  At 

the lower reduced frequency, kf = 0.035, the reverse flow is more pronounced, while at 

reduced frequency of 0.05, the reverse flow is almost nonexistent, and the momentum in 
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the boundary layer appears to be higher overall.  By angle of attack of 19.2
o
 (Figure 

3.46D), the velocity profiles are once again very similar near the wall, as was the case at 

30% chord location. 

Figure 3.47 shows a comparison of the boundary layer profiles at 70% chord at the 

same two reduced frequencies, and the same four angels of attack, following the trend of 

the previous two figures, Figure 3.45 and Figure 3.46.  Again, at  = 17.1
o 

and 17.8
o
, the 

velocity profiles are very similar, while at  = 18.5
o
, the velocity profile at the reduced 

frequency of 0.035 exhibits la larger velocity deficit compared to reduced frequency 

0.05.  At angle of attack of 19.2
o
 (Figure 3.47D), the velocity profiles are similar but not 

as much near the wall as they have at 30% chord and 50% chord.  This corresponds to 

the analysis of the TKE field at this angle of attack, which suggests that the overall field 

differs at this angle of attack at different reduced frequencies, even if this difference is 

qualitatively small.   

What can be taken away from this analysis of reduced frequency is that changes in 

reduced frequency appear to affect when the transition from trailing edge separation to 

full separation occurs (with respect to the angle of attack it incepts at), but the flow fields 

before and after this transition are largely unaffected by the reduced frequency. 

3.2.4.6 Separation Transition - Infinite Span Configuration 

Thus far, the transition from trailing edge separation to full separation has been 

extensively detailed, and consideration of the pitching frequency was examined.  The 

question remains, how does this relate to the infinite span configuration?  In this section 

the flow fields varying angles of attack are presented, to show how the transition from 

trailing edge separation to fully separated flow evolves in the case of the infinite span 

and the effect that infinite span has on changing the angle of attack this transition occurs 

at.  In this section, the blade pitches about 14
o
 angle of attack with amplitude 5.5

o
 and at 

a frequency of 1.0 Hz, corresponding to a reduced frequency of 0.035.  Also, a side by 

side comparison between the infinite span and finite span configurations is provided to 

illustrate the effect that the span configuration has on the angle of attack where the 

transition from trailing edge separation to fully separated flow occurs. 
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3.2.4.6.1 Separation Transition – Infinite Span Configuration  

Figure 3.48 shows the progression of total velocity field for angles of attack between  = 

16.4
o
 and 18.4

o
 for the infinite span configuration.  At  = 16.2

o
, the total velocity field 

exhibits a trailing edge separation (Figure 3.48A).  By  = 16.8
o
 (Figure 3.48D), it is 

apparent that the transition from trailing edge separation to fully separated flow has 

commenced, and by  = 17.4
o
 (Figure 3.48G), the flow is fully separated.  Note that for 

angles of attack between  = 17.4
o
 (Figure 3.48G) and 18.4

o
 (Figure 3.48L), the flow 

field does not appreciably change, though the apparent center of rotation in the 

recirculation region does appear to change position with angle of attack.   

Figure 3.49 shows the progression of spanwise vorticity fields at angles of attack 

between  = 16.4
o
 and 18.4

o
 for the infinite span configuration.  As expected, there is a 

buildup of negative vorticity near the leading edge between  = 16.2
o
 (Figure 3.49A) 

and 16.6
o
 (Figure 3.49C).  Then, by  = 17

o
 (Figure 3.49E), this vorticity bursts into the 

shear layer, and the flow appears to be fully separated by  = 17.4
o
 (Figure 3.49G).   

Evaluation of the in-plane streamlines in Figure 3.49 lends some insight into the 

nature of the recirculation region at the aft portion of the model, but it is difficult to pin 

down exactly if this center of rotation is fixed with respect to the center of rotation of the 

airfoil, or if it is moving around as the angle of attack changes.  This question will be 

addressed using a more quantitative method of identifying rotating structures in the flow, 

and such an analysis is provided in section 3.4. 

Figure 3.50 shows the progression of the TKE field at angles of attack between  = 

16.4
o
 and 18.4

o
 for the infinite span configuration.  Corresponding to the analysis of the 

velocity and vorticity, TKE appears to build up near the leading edge by  = 16.6
o
 

(Figure 3.50C), and then this region of unsteadiness moves downstream where the peak 

TKE occurs at  = 17.2
o
.  Then, as the angle of attack continues to increase, the 

unsteadiness in the flow field is decreased, at least in the interrogation window plotted.  

So, the transition from trailing edge separation to full separation is associated with an 

increase and subsequent decrease in unsteadiness in the flow field for the infinite span 

configuration just as it does for the finite span configuration.  The difference is that the 

angle of attack at which this transition occurs appears to be at a lower angle of attack, 
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and is illustrated in the next section.  More importantly, it is not the blade’s vibration 

that drives this increase in unsteadiness, but the acceleration of the flow around the 

leading edge.  The pattern that is apparent in the transition from trailing edge separation 

to fully separated flow is consistent with the process observed for the finite span 

configuration.  

3.2.4.6.2 Separation Transition - Comparing Infinite Span to Finite Span Models 

It becomes clear from the analysis of the infinite span configuration that there is a 

change in the angle of attack where the transition from trailing edge separation to fully 

separated flow occurs between the infinite span configuration and the finite span 

configuration.  Presented here is an explicit comparison between the two configurations 

for representative angles of attack between  = 16.4
o
 and 18.8

o
.  In this section, the 

average angle of attack of the pitching motion of the blade is 14
o
 and the amplitude of 

pitching motion is 5.5
o
. 

Figure 3.51 shows a comparison of the total velocity fields between the infinite 

span configuration (Figure 3.51, left side) and the finite span configuration (Figure 3.51, 

right side), at a reduced pitching frequency of 0.035.  At  = 16.4
o
, the velocity field 

over the infinite span configuration appears to be in the midst of the transition to fully 

separated flow (Figure 3.51A), while the finite span case still exhibits a trailing edge 

separation (Figure 3.51B).  By  = 17.2
o
, the flow field for the infinite span 

configuration has almost completely changed over to fully separated flow (Figure 

3.51C), while for the finite span configuration the flow field still exhibits trailing edge 

separation.  It is not until  = 18.8
o
 that the flow fields appear to be fully separated.  This 

data suggest that the transition from trailing edge separation occurs at 2
o
 lower angle of 

attack for the infinite span configuration compared to the finite span configuration.  

From an engineering standpoint, this result is important, as it suggests that at full scale, 

assumptions about how the flow field over the blade will dynamically change cannot be 

generalized from infinite span configuration results, but must account for the change in 

stall angle due to the finite span nature of the blade.  Thus, models based on results for 

fixed angles of attack, such as the unsteady BEM model ( (Hansen M. O., 2008), might 
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improve their reliability at predicting dynamic effects, and thus power output, by 

incorporating such information.   

Figure 3.52 shows a comparison of the spanwise vorticity fields between the infinite 

span configuration (Figure 3.52, left side) and the finite span configuration (Figure 3.52, 

right side), at a reduced pitching frequency of 0.035.  As can be seen, the concentration 

of the vorticity near the leading edge appears to be greater in the case of the finite span 

configuration versus the infinite span configuration at the same angles of attack.  This is 

likely due to the fact that since the transition angle of attack is lower for the case of the 

infinite span, the larger recirculation region present in the infinite span configuration 

reduces the velocity gradients near the leading edge.  It can then be expected that there is 

increased mixing the case of the finite span configuration, which can be confirmed by 

comparing the TKE fields.  More importantly, it appears that the vibration of the blade 

does have the effect of introducing some momentum into the flow that translates into a 

delay of stall.  This is interesting in the context of an analysis of the normal stress 

component of the turbulent kinetic energy, which is not significant in the case of the 

finite span as compared to the streamwise stress.  As such, it may be that vibration of the 

blade in the edgewise direction is adding momentum to the flow, which aids in stall 

delay.   

Figure 3.53 shows a comparison of the TKE fields between the infinite span 

configuration (Figure 3.53, left side) and the finite span configuration (Figure 3.53, right 

side), at a reduced pitching frequency of 0.035.  As expected, the peak intensity of TKE 

is higher for the case of the finite span configuration (Figure 3.53H) which occurs at  = 

18.8
o
, compared to the peak intensity of TKE for the finite span configuration (Figure 

3.53C), which occurs at  = 17.2
o
.  Since stall is delayed in the case of the finite span 

configuration, once stall does incept, there is a larger increase in the velocity near the 

leading edge, and this higher acceleration results in more unsteadiness in the flow field.   

3.2.4.7 Transition from Trailing Edge Separation to Full Separation - Summary 

An examination of the flow fields associated with the transition from trailing edge 

separation to a fully separated flow around this model of an S809 airfoil has yielded the 

following conclusions: 
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1. There is an interaction between the separation near the trailing edge and the 

formation of a recirculation region near the leading edge during this transition 

whereby the trailing edge separation is diminished in favor of the growth of a 

leading edge dynamic stall vortex in the phase averaged sense. 

2. This flow transition occurs at a different angle of attack depending on 

reduced frequency.  The change in angle of attack is relatively small 

compared to the change in the rate of pitching. 

3. This effect occurs at a different angle of attack in the case of the infinite span 

configuration, but still appears to be the same process in both the finite span 

configuration and infinite span configuration. 

The question now becomes, how can introducing momentum near the leading edge of 

the model change this process?  Prior to this, it is necessary to establish if, and how, 

momentum injection near the leading edge affects the flow field at static angles of 

attack.   

3.3 Flow Control on an S809 Airfoil 

In this section, it will be established that the actuation of an array of synthetic jet 

actuators near the leading edge of the airfoil can induce changes to the velocity, 

vorticity, and the TKE fields around statically and dynamically pitching model of an 

S809 wind turbine blade.  Note that a small slit is included near the leading edge of the 

shadow of the model in all figures when the jets are actuated.  This slit represents both 

the position and scale of the synthetic jet orifice, and is included as a visual clue that 

flow control is active for the corresponding figure, as well as to gain appreciation as to 

where effects in the flow are in relation to the source of momentum introduced.   

3.3.1 Flow Control Results – Infinite Span Configuration – Fixed Angles of Attack 

It is important to establish what effect flow control has at static angles of attack, in order 

to understand the extent to which flow is either reattached, or separation can be 

mitigated, at fixed angles.  This will then lend insight into the effectiveness of the 

placement of flow control, and set up what effects can be anticipated under dynamic 

conditions.  Figure 3.54 shows the total velocity fields, superimposed with in-plane 
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streamlines, at fixed angles of attack for the infinite span configuration, with no flow 

control (baseline case, left side of Figure 3.54) and with an array of synthetic jets 

activated at 13% chord with a momentum coefficient,   =6.5 x 10
-3

 (right side of Figure 

3.54).  The angles of attack shown in Figure 3.54 are  = 13
o
, 15

o
, 17

o
, and 19

o
.  At  = 

13
o
, the baseline flow (Figure 3.54A) exhibit a trailing edge separation where the flow is 

separated downstream of x/c = 0.5.  Activating the synthetic jets appears to have very 

little effect on the total velocity field (Figure 3.54B).  At  = 15
o
, the streamwise and 

cross-stream extent of the separated flow region increased significantly for the baseline 

case (Figure 3.54C), whereas with flow control activated (Figure 3.54D) the extent of 

separation is reduced and the flow seems to be similar to the lower angle of attack case.  

This is the first angle of attack where flow control decisively has a noticeable effect on 

the flow, based on what can be seen from total velocity fields.  At  = 17
o
, while the 

flow appears to be fully separated in the baseline case (Figure 3.54E), the severity of the 

flow separation is significantly reduced with flow control activated (Figure 3.54F).  In 

fact, the flow field appears qualitatively more similar to the flow field at  = 15
o
 with the 

jets off than at  = 17
o
 with the jets off.  This suggests that activation of the jets yields a 

shift of the static stall angle of attack to a higher angle, as was the case where the static 

lift was examined for the alpha model, by softening the transition to stall at higher angles 

of attack (see Figure 3.1).  By  = 19
o
, the severity of separation for both baseline and 

actuated flow fields exhibit similar flow pattern, which based on an examination of static 

lift and drag profiles (Figure 3.1 and Figure 3.2) makes sense.   

Figure 3.55 shows the spanwise vorticity fields with superimposed in-plane 

streamlines at the same angles of attack as the previous figure, with no flow control (left 

side of Figure 3.55) and with flow control activated at a momentum coefficient,    = 6.5 

x 10
-3

 (right side of Figure 3.55).  Similar to the trend observed in the examination of the 

total velocity fields at the corresponding angles, the vorticity fields show that the stall 

angle of attack has increase by about 2
o
.  There does appear to be more vorticity in the 

shear layer at  = 15
o
 when the jets are actuated (Figure 3.55D) compared to the baseline 

case at the same angle (Figure 3.55C).  Note that comparing the flow field of the 

actuated case at  = 15
o
 with the baseline case at  = 13

o
 reveals that these flow fields 
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are very similar, which further supports the claim that synthetic jet-based flow control 

delays the stall angle. 

Figure 3.56 shows the Turbulent Kinetic Energy fields at the same angles of attack 

for the infinite span configuration, with no flow control (left side of Figure 3.56) and 

with flow control activated at a momentum coefficient,    = 6.5 x 10
-3

 (right side of 

Figure 3.56).  For the baseline flow, increasing the angle of attack from  = 13
o
 to 15

o
 

results in an increase in the magnitude of the TKE especially along the separated shear 

layer.  Further increase in the angle of attack results in a shift downstream of the peak 

TKE (outside of the interrogation domain). The effect of the synthetic jets on the TKE 

field is more pronounced.  First, there is a concentration of TKE near the leading edge, 

near the location of the synthetic jet, which can be attributed to both coherent structures 

from the synthetic jets (due to its periodic nature) and random motions (due to the 

impact of the jets into the cross flow).  Farther downstream, the TKE for the forced case 

is concentrated along the separated shear layer.  Note that although the mean flow field 

was very similar between the baseline case at  = 13
o
 and the actuated case at  = 15

o
, 

this is not true for the TKE field. 

It is to be expected that, in the time averaged sense, the loading on the blades are 

similar; however, in the unsteady sense, due to the lower unsteadiness in the flow field 

when the jets are actuated, it may in fact be the case that the unsteady loading is less 

pronounced with flow control than without flow control.  However, this effect only 

exists in a narrow band of angles of attack, since as is the case with the velocity and 

vorticity fields, by  = 19
o
, the TKE fields appear to converge for the jets on and jets off 

cases.   

The first response to this may naturally be “The flow control is in the wrong 

location”.  Placing the flow control closer to this apparent separation point at around 

40% chord may allow for full reattachment of the flow.  In fact, previous work explored 

this at static angles of attack (Maldonado, Farnsworth, Gressick, & Amitay, 2010), and it 

has been demonstrated that the proper placement of jets at these angles of attack can in 

fact induce full attachment of the flow (Amitay & Glezer, Role of Actuationg Frequency 

in Controlled Flow Reattachment over a Stalled Airfoil, 2002).  However, an S809 

airfoil is intended to operate in a stall regulated manner.  Fully reattaching the flow will 
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have the effect of significantly increasing the lift coefficient.  If that were to happen, this 

may further increase of the loading on the blade.  However, the purpose of stall 

regulation is such that, as the local angle of attack increases with increasing free stream 

velocity (and here, the free steam velocity means incoming wind on a real wind turbine), 

stall should occur.  Eliminating this mechanism by reattaching the flow will defeat the 

design objective of the blade.  Note that here, it is shown that the some effect will occur, 

even with jet actuation, but the only effect is to soften the transition as the local angle of 

attack increases.  In principle, this will have the effect of reducing vibration by softening 

the sudden change from trailing edge separation to fully separated flow during dynamic 

conditions.  But, as it has been shown thus far, the blades tend to exhibit different 

behavior under dynamic conditions versus static conditions, as is discussed in the 

following section.   

3.3.2 Examination of Loading under Dynamic Conditions 

Clearly, it is important to understand the flow physics, in order to understand what 

phenomena in the flow may be causing unsteady loading. First it is necessary to 

understand  three questions: 

1. What this unsteady loading looks like in time? 

2. How it is related to structural vibrations?, and 

3. What is the effect of flow control under dynamic pitch conditions?   

It is the major objective of this study to demonstrate that flow control can reduce 

structural vibrations.  In this section, unsteady loading experienced by the model under 

dynamic motion conditions is illustrated at a variety of motion parameters, and the 

connection between measured lift and tip deflection is established.  It will be shown that 

the model tip deflection correlates very strongly with lift variations.  In this way, it can 

be deduced that reduction in load oscillations correspond with reductions in tip vibration.  

The tip deflection will also be illustrated directly.     

Figure 3.57 presents the lift, drag, and pitch moment coefficients versus angle of 

attack.  The motion parameters are an average angle of attack of 14
o
, amplitude of 

oscillation of 5.5
o
, and reduced pitching frequency of 0.05, corresponding to a pitch 

frequency of 1.5 Hz.  Each plot is the result of phase averaging 80 cycles of the dynamic 
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motion.  In this sense, the loading represents phase-averaged loading.  The black lines 

represent the baseline condition, that is, no flow control is applied.  The yellow and blue 

lines correspond to the loading measured where flow control is applied at two different 

momentum coefficients, where yellow is comparatively higher momentum injection, and 

blue is comparatively lower momentum injection. 

As was shown for the alpha model (Figure 3.4), there is hysteresis in all three 

coefficients due to the dynamic motion, where the lift, drag and pitching moment 

coefficient curves also exhibits periodicity along the cycle at the structural natural 

frequency.  As flow control is applied, the lift curve (Figure 3.57A) shows that, as the 

strength of the jets is increase, the apparent hysteresis in lift decreases.  An inspection of 

the drag (Figure 3.57B) yields the same conclusion, while the effect of the jets on the 

hysteresis in the pitching moment coefficient (Figure 3.57C) is very small during these 

motion conditions.   

This would seem to be an excellent result, that hysteresis is being reduced, which 

suggests a more even loading as the model is pitching up versus pitching down.  

However, there are large oscillations in the load for all three cases evident in the 

hysteresis loops associated with lift coefficient (Figure 3.57A).  These load oscillations 

occur at 7 Hz, which has been identified as the fundamental flapwise vibrational 

frequency.  This frequency was identified through strike tests conducted prior to 

assembly and implementation of this study.  Also, it appears that, as the blade is pitching 

up, there is higher lift when the jets are actuated as compared to the baseline case.  As 

has been discussed, increasing lift may not be desirable on a wind turbine blade, as the 

design goal of wind turbines is to provide the same power output at varying wind 

velocities.  This suggests that actuation should only occur during the portions of the 

cycle where such actuation is beneficial.   

A challenge exists in the evaluation of these loops, which is a classic manner in 

which such lift, drag, and pitching moment coefficients are presented (McCroskey, Carr, 

& McAlister, Dynamic Stall Experiments on Oscillating Airfoils, 1976). Since there 

appears to be large oscillations in the lift near the peak amplitude of the pitching motion, 

and near the minimum amplitude of the motion, with respect to angle of attack, it is 

necessary to examine the variation in the lift coefficient in the non-dimensional time 
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domain associated with a single pitch cycle.  Figure 3.58 presents the variation of the lift 

coefficient along the cycle (represented percentage) for a reduced motion frequency of 

0.05, where averaged pitch angle is 14
o
 and the amplitude of oscillation is 5.5

o
 (so, this 

data corresponds to Figure 3.57A, but laid out in normalized time).  Here, 0% indicates 

that the pitch angle of the blade is 14
o
 and pitching up.  At 25%, the blade is at 19.5

o
 and 

starts to pitch down, at 75%, the blade is at 8.5
o
, and has begun to pitch up until 100% 

where the cycle repeats.  Since the lift varies on a cycle by cycle basis, the average lift 

coefficient for each one of the 80 cycles was calculated; then, the standard deviation was 

added to and subtracted from each cycle.  In this manner, a band can be plotted, which 

represents not only the average lift coefficient at any time during a phase averaged cycle, 

but in addition, it shows how much the lift varies on a cycle by cycle basis at any portion 

of the cycle.   

The baseline case, in black (Figure 3.58), shows the phase-averaged oscillation in 

lift during the course of a phase averaged dynamic cycle. As can be seen, near the peak 

measured lift, at approximately 10% of the cycle, there appear to be two peaks in the lift, 

prior to the transition into stall, which is the sharp drop in lift seen between 20% and 

30% of the cycle.  This corresponds with the effect identified in section 3.2.4.4.7, in the 

analysis of the wall tangent velocity profiles.  Thus, this, together with the wall tangent 

velocity profiles, suggests that there are two aerodynamic phenomena present during 

dynamic conditions between the transition from trailing edge separation to fully 

separated flow.    

As flow control is applied at various jet strengths (or, momentum coefficients), 

which are the colored bands in Figure 3.58, a few effects can be seen.  First, the increase 

in lift that occurs after the flow has transitioned from trailing edge separation to fully 

separated flow (a statement supported by qualitative analysis of the flow fields at the 

corresponding angles of attack that occur during this portion of the cycle, seen in Figure 

3.42, Figure 3.43, and Figure 3.44, right side) becomes more significant as the strength 

of the jets increases.  However, after this portion of the cycle, the load oscillations 

decrease in strength.   

Two conclusions may be drawn from evaluating how flow control modifies lift 

during dynamic cycles.  One, if the jet momentum is too high, there is no longer a 
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decrease in load oscillation after stall incepts.  It is only the average lift during this 

portion of the cycle that increases.  This is probably due to the fact that the flow control 

causes the flow to reattach faster than it ordinarily would, and this change back to 

attached flow is too rapid, resulting in a change in loading on the blade due to the flow 

conditions.  There appears to be an optimal momentum coefficient under these motion 

parameters that will minimize lift variation during this portion of the cycle. 

Second, the control only appears to be necessary once a drop in lift is detected.  In 

this way, a closed loop system could be designed, where load detection would trigger the 

actuation of the jets, and then, as the load fluctuations decrease, the jets’ strength could 

be reduced.   

Load variation in the lift is not the only metric that should be considered.  Figure 

3.59 shows the phase-averaged variation in drag during the course of a dynamic cycle.  

As is the case with the lift (Figure 3.58), the banded plots represent the phase-averaged 

drag with the standard deviation, based on 80 cycles, added and subtracted from this 

average, creating the band effect seen.  And as was the case with lift, certain momentum 

coefficients have the effect of increasing drag variation, while others decrease the 

variation.  But, in either case, the change in variation is relatively insignificant in 

comparison to the changes seen in the lift.  Also, on a real wind turbine, the primary load 

will be seen in the flapwise direction, and as the chord of wind turbine blades are longer 

than the span at a given location, structurally, it will be easier to strengthen the structure 

of the blade along the axis defined by the drag vector.  At the very least, flow control at 

optimal momentum injection improves the load oscillation picture for the lift, while not 

significantly affecting the drag (and, thus, not negatively impacting L/D).   

Figure 3.60 shows the phase-averaged oscillation in pitch moment during the course 

of a phase averaged dynamic cycle.  The introduction of flow control does not appear to 

significantly affect the behavior of the momentum coefficient during dynamic conditions 

at all.  This is an important result, as it means flapwise vibration is not being reduced at 

the cost of increased torsional vibration, which may be even more destructive to a blade, 

depending on the structure of the blade.   

Additional motion parameters were investigated, particularly increasing the αA to 8
o
 

and 10
o
 and kf = 0.035 and 0.05.  Load Cell results of these additional motion parameters 
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are included in the Appendix.  Similar trends in load oscillation reduction were observed 

under all motion parameters investigated. 

3.3.3 Examining Tip Deflection under Dynamic Conditions 

Demonstrating changes to load variation is very important; however, it only answers 

the question “Are the load oscillations the blade experiences reduced with flow 

control?”, but yields no information about the tip deflection.  As was outlined in the 

experimental setup, section 2.2.7, strain gauges were installed at the root of the model.  

Changes in voltage in a Wheatstone bridge, which involved these strain gauges, were 

correlated with tip deflection as measured with a laser displacement sensor.  In this way, 

the tip deflection of the blade could be measured in a more explicit fashion.   

The question can be raised: How do tip changes correlate to the load cell results?  

The load cell is a cluster of piezoelectric transducers measuring loads and torques about 

three axes.  That means that changes in lift should correlate strongly with changes in 

voltage associated with strain gauges placed near the root of the model.  This turns out to 

be a good assumption, but not a perfect assumption. 

Figure 3.61 shows a comparison between lift and tip deflection measured at various 

reduced pitch frequencies and amplitudes of oscillation.  All of the plots in Figure 3.61 

are with an average pitch angle of 14
o
.  In each plot, the variation of the phase-averaged 

lift during a pitching cycle is plotted.  Note that here the lift is normalized by the 

maximum lift measured during the dynamic cycle (lines in blue).  Similarly, the phase-

averaged tip deflection is plotted versus cycle percentage, and normalized by the 

maximum tip deflection measured during the phase-averaged cycle.  In this way, it is 

possible to analyze to which extent lift variations correlate with tip deflection.  The 

purpose here is to identify that during portions of the cycle for a variety of dynamic 

motion parameters, there are times where the tip deflection differ from the measured lift 

coefficient.  This means that, in order to measure vibrations, it is not sufficient to 

measure lift alone. Furthermore, the measured lift presented thus far is not only 

aerodynamic lift, but also includes force information associated with the acceleration of 

the blade as the blade is vibrating.  Using a Force-Torque sensor alone at the base of a 

finite span model may be an ineffective manner of measuring load, and a more accurate 
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manner to measure the load on the blade would be to place dynamic pressure transducers 

at various span locations on both the pressure and suction side of the model, and 

calculate lift from such an approach.  Alternatively, it is possible to calculate the lift at a 

given span location through fully resolving the flow field around a model, and 

calculating the circulation around the model.  In this way, the lift could be measured 

from PIV.  Under dynamic conditions, this would be a time intensive process, but it is an 

alternative that should be investigated in future work, particularly in light of the fact that 

structural vibrations will convolute any load measurements conducted at the root of a 

finite span model.   

Having established that tip deflection trends may slightly deviate from lift variation 

trends, an examination of tip deflection directly is necessary.  Figure 3.62 shows the 

variation in tip deflection versus cycle percentage for a phase averaged dynamic pitching 

cycle.  The tip deflection is normalized by the span of the airfoil, and as such, the Y-axis 

represents the ratio between tip deflection and the length of the span.  As was the case 

for the data presented in the cycle percentage fashion for lift, drag, and pitching moment, 

80 cycles of vibration data were collected, then phased averaged.  The standard deviation 

of this vibration data was added to and subtracted from the phase average tip deflection, 

and the resulting bands are shown in Figure 3.62.   

As can been seen, the maximum tip deflection for this model is 0.09, which means 

that the tip deflection is 9% of the distance associated with the span.  This actually tracks 

very well with what is expected in the case of a higher aspect ratio, real wind turbine 

blades (Natarajan, 2014).  Thus, while the aspect ratio of this model is not realistic with 

respect to a full scale wind turbine blade, the tip deflection experienced is consistent 

with what is to be expected at full scale.   

As flow control is applied, both the phase averaged sense, and with respect to the 

variance that occurs cycle by cycle, vibration is reduced for a significant portion of the 

cycle at all investigated momentum coefficients.  The peak deflection allowed has been 

slightly reduced, and the minimum deflection has been increased.  An inspection of this 

tip deflection data suggests that actuating the jets after the stall incepts, and only 

actuating for a portion of the cycle, may be more effective in reducing vibration.  It may 
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also be that changing the jet strength during a portion of the cycle, such that the jet 

strength varies during a dynamic cycle, may be advantageous.   

The important result that demonstrated in Figure 3.62 is that flow control can, at the 

very least, alter how a blade vibrates.  The next step, logically, is to examine how the 

flow field changes as this vibration reduction is brought about. 

3.3.4 Examining the Transition from Trailing Edge Separation to Fully Separated 

Flow – with Flow Control 

Thus far, it has been established that flow control can change the loading and tip 

deflection seen by a dynamically pitching finite span model of an S809 airfoil.  In this 

section, the effect that momentum injection near the leading edge on the flow field 

during these dynamic conditions is presented.   

3.3.4.1 Separation Transition with Flow control – Total Velocity Fields 

Figure 3.63 presents the total velocity fields with in-plane streamlines at four different 

angles of attack, and at three different jet strengths, for angles of attack between  = 16
o 

and 19
o
 as the model pitches up to from its average angle of attack to the peak angle of 

attack.  These fields are obtained from a motion profile of 14
o
 average angle of attack, 

5.5
0
 amplitude of oscillation, at a reduced frequency of 0.035.  As was illustrated in 

Section 3.2.4.5, the reduced frequency does not significantly affect the evolution of the 

flow field between reduced frequency of 0.035 and 0.05.  In the left column of Figure 

3.63, the jets are not actuated, whereas in the center column of Figure 3.63, the jets are 

actuated at a momentum coefficient,   , of 1.3 x 10
-3

, and in the right column of Figure 

3.63, the jets are actuated at a momentum coefficient of 6.5 x 10
-3

.   

At  = 16
o
 (Figure 3.63A, B, and C) the flow fields for all three cases are very 

similar, and as such, one would anticipate that the load on the model would be the same.  

The same trend is evident at  = 17
o
, whereas at.  = 18

o
 it is apparent that, for the 

baseline case (Figure 3.63G), the transition from trailing edge separation to fully 

separated flow has begun, while in the case of the higher momentum injection (Figure 

3.63I), the trailing edge separation region is larger.  By  = 19
o
, for both the baseline 

case and the lower momentum injection case,, the flow field has fully transitioned from 
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trailing edge separation to fully separated flow, while in the case of the higher 

momentum injection, the flow field can still be characterized as trailing edge separation.  

This suggests that the injection of momentum near the leading edge delays the transition 

from trailing edge separation to fully separated flow.   

3.3.4.2 Separation Transition with Flow Control – Vorticity Fields 

In Figure 3.64, the spanwise vorticity fields with in-plane streamlines are plotted at four 

different angles of attack, at three different jet strengths, and for angles of attack 

between  = 16
o 

and 19
o
 as the model pitches up to from its average angle of attack to 

the peak angle of attack.  The same trend as was explored for the velocity fields is 

evident, namely, that the vorticity fields for the baseline and low momentum coefficient 

cases (Figure 3.64 left column and Figure 3.64 center column, respectively) are similar, 

while in the case of the higher momentum coefficient injection, the flow field exhibits 

trailing edge separation.   

3.3.4.3 Separation Transition with Flow Control – Turbulence Quantities 

Figure 3.65 presents the Turbulent Kinetic Energy at the same four different angles of 

attack as Figure 3.63 and Figure 3.64 (between  = 16
o 

and 19
o
), and at three different 

jet strengths, as the model pitches up.  As was the case for the velocity and vorticity 

fields, the TKE fields for the baseline and low momentum coefficient cases appear to be 

similar (Figure 3.65 left column and center column, respectively), while the higher 

momentum injection case diverges from the trend set by the baseline and low 

momentum cases.  Note that it appears that the process of transition from trailing edge 

separation to fully separated flow has begun for the high momentum case at  = 19
o
 

(Figure 3.65L); however, an evaluation of the case where  = 19
o 

during the pitch down 

(Figure 3.66) suggests that the transition to fully separated flow does not occur.  Rather, 

this appearance of a builds up of TKE near the leading edge diminishes, without the full 

burst of TKE into the near field as occurs during the dynamic conditions where the jets 

are off, or the jets are actuated at a low momentum coefficient of 1.3 x 10
-3

.  Thus, flow 

control has the effect of preventing the transition to a fully separated flow if the injection 

of momentum near the leading edge is high enough, and it does not fully reattach the 
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flow, preventing an increase in lift over the potential design parameters of the blade, in 

the context of wind turbine design.   

In sections 3.2.4.4.4, 3.2.4.4.5, and 3.2.4.4.6, it was established that the unsteadiness 

in the velocity field was driven primarily by the streamwise fluctuations.  This is still the 

case when flow control is applied.  Figure 3.67 shows the distribution of the streamwise 

stress at four angles of attack between  = 16
o 

and 19
o
, and at three different jet 

strengths, as the model pitches up.  As can been seen the streamwise fluctuations are 

very similar to the TKE, Figure 3.65, for the corresponding baseline and the two 

momentum injection cases, suggesting that the TKE is mainly due to streamwise 

fluctuations. 

Evaluating the cross-stream and spanwise stresses fields (Figure 3.68 and Figure 

3.69, respectively) reveals that the magnitudes are much smaller than the TKE or the 

streamwise stress.  This means that the unsteadiness is introduced into the flow by the 

synthetic jets, being an unsteady jet, this unsteadiness decays close downstream of the jet 

orifice (due to the high frequency associated with the synthetic jets), and instead, the 

momentum injected into the flow by the synthetic jets aligns with the unsteadiness of the 

larger surrounding flow field.  It is expected that flow structures that introduced by the 

synthetic jets into a surrounding moving flow field do not persist far downstream with 

respect to the chord of the airfoil (Sahni, Wood, Jansen, & Amitay, 2011), (Elimelech, 

Vasile, & Amitay, 2011).  What is interesting is that the synthetic jets affect the flow 

field without making themselves readily apparent in said flow field.  It is not the 

injection of momentum per se that changes the aerodynamic loading and flow field 

appearance due to flow control, but rather, the resulting flow field that develops as 

higher momentum fluid is brought into the boundary layer and lower momentum fluid 

near the surface of the model.    

3.3.4.4 Separation Transition with Flow Control – Wall Tangent Velocity Profiles 

The global flow field examination with the jets actuated compared to the jets off showed 

an apparent elimination of the transition from trailing edge separation to fully separated 

flow at sufficiently high momentum injection.  But, the question can be raised, what 

does this mean for the boundary layer?  Are the fields as close in appearance as the 
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global field analysis suggests, particularly in the case of the baseline and low momentum 

injection cases, or are there differences in the flow field that can be identified by 

examining the flow field near the surface of the model?  Figure 3.70 illustrates the 

boundary layer profiles at four angles of attack and three momentum coefficients, at 

30% chord location.  These plots were obtained for a pitching motion profile of 14
o
 

average angle of attack, 5.5
0
 amplitude of oscillation, at a reduced frequency of 0.035.  

As can be expected from an examination of the total velocity fields, at  = 16
o
 and 17

o
, 

the velocity profiles near the wall are very similar for all three cases.  While on the 

surface, this result does not seem surprising, what this result does underscore is just how 

little momentum is being injected into the flow.  Thus, it is clear that an examination of 

the wall normal velocity, vorticity, and TKE along the same line tangent to the surface is 

necessary. 

Figure 3.71 illustrates cross-stream distributions of the wall-normal velocity 

component at four angles of attack and three momentum coefficients, at 30% chord 

location.  As was the case for the wall tangent velocity profiles, the profiles at 16
o 

(Figure 3.71 A) and 17
o
 (Figure 3.71B) for all three jet actuation cases are identical.  

Figure 3.72 illustrates cross-stream distributions of the normalized spanwise 

vorticity at four angles of attack and three momentum coefficients, at 30% chord 

location, and again, at 16
o 

(Figure 3.72 A) and 17
o
 (Figure 3.72B) the profiles are very 

similar.  It is not until an examination of the TKE (Figure 3.73) that shows that the 

turbulent quantities at these angles of attack are not the same.  Near the wall, the peak 

normalized TKE seen for the baseline case is 0.27, while the peak TKE seen for the low 

momentum injection case is 0.17.  The actuation of the jets appears to result in lower 

Reynolds stresses in the boundary layer near the wall at these angles of attack.  So, while 

the phase averaged velocity (and vorticity) profiles are similar, the unsteadiness in these 

boundary layers is lower with jet actuation.  This suggests that the injection of 

momentum is what is allowing for the delay in transition from trailing edge separation to 

fully separated flow.   

At  = 18
o
, the boundary layer profiles between the baseline, low, and higher 

momentum coefficient cases are not the same.  Figure 3.70C shows that the velocity 

deficit of the baseline case is greater than the low and high momentum injection 
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schemes, and near the wall, the boundary layer associated with the higher momentum 

injection has higher velocity.  At  = 19
o
, the velocity profiles of the baseline and low 

momentum injection cases are similar and both cases show reverse flow (Figure 3.70D), 

while in the case of the higher momentum injection, the velocity profile at 30% chord 

does not exhibit reverse flow.  Thus, higher momentum injection delays the transition to 

fully separated flow at this streamwise location if the momentum injection is sufficiently 

high enough.   

Figure 3.74 illustrates the boundary layer profiles at the same four angles of attack 

and three momentum coefficients, at 50% chord.  At this downstream location, the 

velocity profiles are again very similar at angles of attack of 16
o
 and 17

o
.  At  = 18

o
 

there is evidence of reverse flow near the wall for the higher momentum injection case 

compared to the baseline and lower momentum cases.  Therefore, it would be anticipated 

that the trailing edge separation region is larger in scope in the case of higher momentum 

injection versus baseline and lower momentum injection.  This would suggest that the 

injection of momentum near the leading edge enhances the strength of the recirculation 

region that is evident from an examination of the in-plane streamlines at this angle of 

attack (Figure 3.63I and Figure 3.64I).  Though, by  = 19
o
, once again, the velocity 

profiles for the baseline and low momentum injection cases show significantly greater 

reverse flow than the high momentum injection velocity field (Figure 3.74D). 

 Moving farther downstream toward the trailing edge, at 70% chord location, the 

same trend observed at 50% chord is also evident at 70% chord (Figure 3.75).  At  = 

16
o
 and 17

o
, the boundary layer profiles for the baseline, low momentum, and high 

momentum injection cases are, as for the other two upstream locations, are similar, and 

there is evidence of reverse flow.  At  = 18
o
, the extent of the reverse flow is reduced 

for the baseline and low momentum injection cases, while the reverse flow is larger for 

the higher momentum injection case.  At  = 19
o
, this trend reverses, where the velocity 

profiles of the baseline and low momentum injection flow cases exhibit a larger region 

of reverse flow.  Clearly, the injection of momentum into the flow is not only delaying 

or preventing the transition from trailing edge separation to fully separated flow, but 

momentum injection is also affecting the flow field features of the trailing edge 

separation when it persists through a dynamic cycle.   
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3.3.4.5 Separation Transition – Evaluation of Low Momentum Injection Effects 

on the Evolving Flow Field 

It is clear from the analysis of the flow fields, subjected to the activation of the synthetic 

jets at varying momentum coefficient, that the injection of momentum changes the 

manner by which the flow field transitions from trailing edge separation to fully 

separated flow.  It is also clear that analyzing the flow field at angle of attack increments 

of 1
o
 are insufficient for exploring this transition.  Figure 3.76 shows the evolution of the 

total velocity field during dynamic conditions at 0.4
o 

increments between  = 17.6
o
 

(Figure 3.76A and B) and 18.8
o
 (Figure 3.76G and H), during dynamic pitch conditions 

prescribed by an average angle of attack of 14
o
, amplitude of 5.5

o
, and at a reduced 

pitching frequency of 0.035.  For  = 17.6
o
 and 18

o
 the flow fields with and without 

actuation are very similar.  An effect of the actuation is evident at  = 18.4
o
 (Figure 

3.76E), that there appears to be a region of recirculation forming near the leading edge 

that is independent of the region of recirculation present in the trailing edge.  This effect 

was previously identified in section 3.2.4.4.  However, even with only a small injection 

of momentum into the flow, instead of this pattern of growing recirculation near the 

leading edge coupled with a decrease in the recirculation near the trailing edge, the 

leading edge recirculation does not appear to form (Figure 3.76F).  At  = 18.8
o
, the 

flow fields for both cases are similar.   

Figure 3.77 shows the evolution of the spanwise vorticity field during the same 

dynamic conditions discussed above at angle of attack increments of 0.4
o 

between  = 

17.6
o
 (Figure 3.77A and B) and 18.8

o
 (Figure 3.77G and H).  At all angles, the 

concentration of vorticity for both cases corresponds to the similar regions spatially, but 

again, there is a divergence in the location of the apparent center of rotation of the 

recirculation regions that can be identified.  Also, qualitatively, the strength of the 

vorticity concentration at  = 18.8
o
 appears to be higher in the baseline case versus the 

low momentum injection case.  This suggests that the flow fields are dissimilar, and an 

exploration of the Turbulent Kinetic Energy at this angle of attack will bear that out. 

Figure 3.78 shows the evolution of the TKE field during the dynamic conditions at 

angle of attack
 
increments of 0.4

o
 between 17.6

o
 (Figure 3.78A and B) and 18.8

o
 (Figure 

3.78G and H).  As can be seen, the buildup in unsteadiness near the leading edge is 
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delayed in the case where the jets are actuated, and this effect is readily apparent at  = 

18.4
o
 (Figure 3.78E versus Figure 3.78 F).  At  = 18.8

o
, where the total velocity fields 

appear qualitatively very similarly, the distribution of the TKE, particularly in the 

separated shear layer, is higher for the baseline case versus the low momentum injection 

case.  Thus, to complete the analysis of the effect of low level momentum coefficient jets 

on the flow field, the boundary layer profiles are compared in the following figure. 

Figure 3.79 shows the distributions of the wall tangent velocity profiles at four 

angles of attack for the baseline and low momentum coefficient cases, at 30% chord 

location.  Here, the profiles qualitatively are very similar for  = 17.6
o
 and 18

o
; however, 

at  = 18.4
o
 (Figure 3.79C), where the velocity profile of the baseline case exhibits a 

larger region of reverse flow compared to the low momentum injection case.  The same 

trend is present at  = 18.8
o
, where the reverse flow for both cases increased, but the 

baseline case still exhibits larger reverse flow.   

The effect of the synthetic jets is move visible at 50% chord, which is shown in 

Figure 3.80 (under the same exact conditions as at 30% chord).  At angles of attack of 

17.6
o
 and 18

o
, there is a larger velocity deficit for the case of the low momentum 

injection versus baseline case.  This suggests that, near this portion of the chord of the 

airfoil, there is lower pressure, and thus, higher lift in the baseline case versus the low 

momentum injection case for these angles of attack.  This might explain how lift can be 

reduced at certain angles of attack near the peak lift observed during dynamic 

conditions.  At  = 18.4
o
, the profiles are similar, while at  = 18.8

o
, the velocity profile 

of the baseline case once again exhibits larger reverse flow than the low momentum 

injection case. 

3.3.4.5.1 Effect of the Momentum Coefficient on Separation Transition 

Clearly, injection of even relatively small momentum near the leading edge changes the 

transition from trailing edge separation to fully separated flow.  In this section, a higher 

momentum coefficient of 2.9x10
-3

 is investigated, to illustrate how higher momentum 

injection further impacts the trailing edge separation, and changes the angle of attack at 

which the transition from trailing edge separation to fully separated flow occurs. 
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Figure 3.81 shows a comparison between the baseline and high momentum injection 

of total velocity fields, with superimposed in-plane streamlines, at 0.4
o
 angle of attack 

increments, between  = 17.6
o
 and 18.8

o
.  As with the previous section, the motion 

parameters are an average angle of attack of 14
o
, amplitude of oscillation of 5.5

o
, and a 

reduced frequency of 0.035.  The angles chosen such that a direct comparison could be 

made between a momentum coefficient of 1.3x10
-3

 (Figure 3.76) and the momentum 

coefficient evaluated here, 2.9x10
-3

.  At these angles of attack, in the case of the medium 

momentum injection (right column of Figure 3.76), the transition from trailing edge 

separation to fully separated flow has not yet commenced.  Note that Figure 3.82 is 

included here to show that, at  = 19.2
o
 (for the momentum coefficient of 2.9x10

-3
), the 

flow begins to transition to a fully separated flow.   

Figure 3.83 shows a comparison of spanwise vorticity fields and in-plane 

streamlines between the baseline and low momentum injection scenarios at 0.4
o
 angle of 

attack increments from  = 17.6
o
 to 18.8

o
.  Here it is clear that, for the actuated case, 

there is no buildup of vorticity near the leading edge of the model.  

An evaluation of the Turbulent Kinetic Energy field shows significantly more 

unsteadiness in the baseline flow field compared to the corresponding medium 

momentum injection scenario.  Figure 3.84 shows a comparison of the TKE fields, 

superimposed with in-plane streamlines, between the baseline and low momentum 

injection scenarios at 0.4
o
 angle of attack increments from  = 17.6

o
 to 18.8

o
.  There 

appears to be an increase in TKE (or unsteadiness) near the leading edge of the model in 

the case of the medium momentum injection (Figure 3.84H), but this unsteadiness is 

confined to the separated shear layer region.   

An evaluation of the boundary layer profiles shows quantitatively the effect of the 

synthetic jets at this momentum injection level.  Figure 3.85 shows a comparison in the 

boundary layer profiles of the baseline and the actuated scenarios at 0.4
o
 angle of attack 

increments from  = 17.6
o
 and 18.8

o
 at 30% chord.  In contrast to a momentum injection 

of 1.3x10
-3

, at this momentum injection level of 2.9x10
-3

 the baseline boundary layer 

profile exhibits similar velocity deficit as the actuated case.  This effect persists until  = 

18.4
o
, when the baseline case has a larger velocity deficit, and a region of reverse flow is 

evident.  At  = 18.8
o
, the reverse flow region in the baseline velocity profile increases, 
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while there is not yet evidence of reverse flow in the medium momentum injection 

scenario. 

At a downstream location of 50% chord, the same trend seen at momentum 

coefficient 1.3x10
-3

 is present at momentum coefficient 2.9x10
-3

. Figure 3.86 shows a 

comparison of the baseline and actuated boundary layer profiles at 0.4
o
 increments, 

between  = 17.6
o
 and 18.8

o
.  At angles of attack  = 17.6

o
 and 18

o
, the actuated 

boundary layer, paradoxically, exhibits lower momentum than the baseline case.  This is 

still evident at  = 18.4
o
 (Figure 3.86C), where the boundary layer profiles are similar, 

but the extent of the reverse flow is larger in the medium momentum injection scenario 

versus the baseline scenario.   Then, at  = 18.8
o
, the reverse flow in the medium 

momentum injection case has subsided, while there is a significant increase in the 

reverse flow in the baseline scenario.   

It is clear from an inspection of the transition from trailing edge separation to fully 

separated flow that the injection of momentum near the leading edge has the effect of 

delaying the angle of attack at which this transition occurs.  In addition, it appears that 

momentum injection near the leading edge disrupts the formation of a phase averaged 

leading edge recirculation region, which interacts with the phase averaged recirculation 

region that is already present in the trailing edge separation.  This leading edge 

recirculation region is not present where momentum is injected; instead, it is the 

recirculation region near the trailing edge that drives the flow to transition from trailing 

edge separation to fully separated flow.  It can be anticipated that the lack of the 

formation of the leading edge recirculation region is what changes the loading that is 

seen by the blade at the high lift portion of a dynamic cycle.  Moreover, the absence of 

leading edge buildup leads to a reduction in tip deflection, since the pressure drop seen 

by the convection of this recirculation region does not occur.  The effect would be 

anticipated to be much more significant, if not for the presence of a recirculation region 

in the trailing edge separation region.  Otherwise, this could be characterized as dynamic 

stall (i.e., the formation of a leading edge vorticity concentration that convects 

downstream) temporarily reducing pressure by increasing the velocity along the surface 

of the airfoil.  Moreover, the presence of the trailing edge recirculation region disrupts 
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the ability of this recirculation region to induce reverse flow along the surface of the 

airfoil.   

3.3.4.6 Evaluation of the Effect of Reduced Frequency on the Transition from 

Trailing Edge Separation to Fully Separated Flow with Flow Control 

In order to further characterize how the transition from trailing edge separation to fully 

separated flow changes under the activation of synthetic jet-based flow control, but at a 

higher reduced frequency, this section presents a similar analysis of the evolution of the 

velocity field around a dynamically pitching finite span S809 model at a reduced 

frequency of 0.05, in contrast to the reduced frequency of 0.035 explored in section 

3.3.4.5.   

Figure 3.87 shows the total velocity fields at four angles of attack between  = 17.6
o
 

and 18.8
o 

during dynamic motion.  The average angle of attack during the dynamic 

pitching motion is 14
o
 and the amplitude of oscillation is 5.5

o
, with a reduced frequency 

of 0.05.  Thus, this stands in contrast to Figure 3.81, but at a pitch rate 50% higher than 

investigated in section 3.3.4.1.  At this range of angles of attack, the same trend is 

evident at a reduced frequency of 0.05 as is present at 0.035, that there is a delay in the 

transition from trailing edge separation to fully separated flow when flow control is 

applied (Figure 3.87H) as compared to the baseline case at a corresponding reduced 

frequency (Figure 3.87G).  Thus, increasing the pitch frequency, at this range of reduced 

frequencies, does not appear to change the evolution of the velocity fields in either the 

baseline case (previously established in section 3.2.4.5) or in the case where flow control 

is active (right column of Figure 3.87 compared to the right column of Figure 3.81) 

beyond changing the angle of attack at which this transition begins.   

Figure 3.88 shows the spanwise vorticity fields corresponding to the total velocity 

fields illustrated in Figure 3.87.  Figure 3.88 shows the vorticity fields at four angles of 

attack between  = 17.6
o
 and 18.8

o 
during the same dynamic motion as described in the 

previous figure.  At  = 18.8
o
, the center of rotation in the trailing edge separation is 

either been significantly mitigated due to flow control, or the center of rotation of the 

trailing edge separation is out of the frame and farther downstream.  However, there is 

no evidence of the formation of a leading edge region of recirculation at the  = 18.4
o
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when flow control is applied (Figure 3.88F), whereas there is evidence of this effect at 

the corresponding angle of attack in the baseline case (Figure 3.88E). 

An evaluation of the TKE field (Figure 3.89) at four angles of attack between  = 

17.6
o
 and 18.8

o 
during dynamic motion yields that, at corresponding angles, there is 

higher TKE near the leading edge with the jets actuated versus the baseline case.  This 

again illustrates that it is likely that flow control has the effect of delaying the transition 

to a fully separated flow.  

At the reduced frequencies investigated, 0.035 and 0.05, it is apparent that a) higher 

pitch frequency delays the transition from trailing edge separation to a fully separated 

flow, and b) the injection of momentum near the leading edge also delays the transition.  

However, conclusions have been assumed about the nature of the recirculation that is 

present in these flow fields under various pitching frequencies, and at various jet 

momentum injection strengths.  These conclusions have been reached through an ad hoc 

analysis of the in-plane streamlines that were plotted with various aerodynamic quantity 

fields of interest.  However, to substantiate these conclusions, it is necessary to examine 

these apparent regions of rotation in a more rigorous and explicit manner. 

3.4 Normalized Angular Momentum – Identifying Regions of Rotation 

in the Flow Field 

As outlined in section 1.2.2, there are several methods of identifying regions of rotation 

and vortical structures of varying levels of coherence in flow fields (Kolar, 2007).  In 

this section, a method to identify regions of rotation first introduced by Michard et al. 

(Michard, Graftieaux, Lollini, & Grosjean, 1997) is applied to the phased-locked PIV 

results obtained during the dynamic pitch cycles, with and without flow control applied.  

In this manner, it will be possible to identify the change in the evolution of regions of 

phase averaged recirculation during a dynamic pitch that occurs as flow control is 

applied.  

In order to calculated the normalized angular momentum (NAM), equation  (3.1) is 

employed, 
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where N is the size of the interrogation window, r is the distance to the center of the PIV 

location analyzed for this element of the summation, and u(Mi) is the velocity vector 

calculated in plane at this element of the summation (Michard, Graftieaux, Lollini, & 

Grosjean, 1997).  Since PIV data are calculated from a discrete grid, in this manner, an N 

by N region of the PIV domain can be isolated, and from that, the normalized angular 

momentum of this region can be calculated.  From this information, a map can be 

generated, and the peak values (or values) represent the center of rotation(s) in the flow 

field.  Note that this approach does not take vorticity into consideration, so this method 

would identify regions of rotation that are absent of significant vorticity, that is, there is 

rotation, but relatively low shearing in the rotating region, leading to lower vorticity 

production (particularly in comparison to vorticity being generated near the leading edge 

of the model).   

The size of the interrogation window, N, has the effect of acting as a spatial filter.  

By increasing N (which is effectively a multiple of the step changes in x and y 

coordinates of the PIV data), it is possible to spatially filter out smaller scale rotating 

structures.  Also, by only plotting the absolute maximum and minimum values of NAM, 

and identifying these locations with markers, it is possible to identify the region of 

largest rotation in a velocity field. 

An example of such an analysis is provided in Figure 3.90.  The flow field plotted is 

at  = 19
o
 for the infinite span configuration at fixed angle of attack.  Here, in addition to 

the normalized angular momentum peak (plotted blue circle), the Q criterion field has 

also been plotted.  The Q criterion is another method of identifying vortical structures in 

a flow field (Jeong & Hussain, 1995), and is discussed in section 1.2.2.  Only the 

absolute peak of normalized angular momentum associated with clockwise flow is 

indicated by the marker.  The peak value of the Q criterion is not marked, but is clearly 

near the leading edge.  Comparing these methods suggests that Q is effective in 

identifying regions of rotation for small scale structures, but the multiple scale nature of 

this flow field does not lend itself toward Q being an effective method of rotation 
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identification.  Here, the peak Q is found where the small scale structures form, 

associated with the shear layer between the separated region and the free stream, and 

nearest to the point of separation, where these structures are the strongest.  Thus, it is 

important to choose the correct method for identifying rotating structures, and not 

blindly apply a given method because it was effective under other conditions.   

The chosen value for N for the calculation of the NAM, and subsequent 

identification of peak NAM, is 3.  This represents an interrogation window of 0.0225c 

by 0.0225c (these values are normalized distances with respect to the chord of the 

model).  This value appears to be effective at spatially filtering the data such that a single 

peak of rotation can be found, without finding multiple peaks due to the error in the 

velocity values near the center of rotation.  As the streamlines are also plotted in Figure 

3.90, qualitatively, this approach appears to be effective in identifying the region of 

rotation in the separated region of the flow at steady conditions for the infinite span 

configuration.  This approach was extended to evaluate the location and relative 

‘motion’ of the center of rotation under dynamic conditions, as discussed below.  

Using this method, and by capturing the peak NAM at various angles of attack, it is 

possible to establish how the apparent center of rotation in the trailing edge region of a 

dynamically pitching finite span S809 airfoil changes location spatially during the 

dynamic pitch motion.  This approach is demonstrated in Figure 3.91.  Here, the 

identified center of clockwise rotation is marked with a blue circle at twelve different 

angles of attack between  = 17.8
o
 (Figure 3.91A) and 18.9

o
 (Figure 3.91L) for the 

baseline case.  Here, the model is dynamically pitching about an average angle of attack 

of 14
o
 with amplitude of oscillation of 5.5

o
, and a reduced frequency of 0.035 (this 

corresponds to the results presented in section 3.2.4.4).  In-plane streamlines are also 

plotted in Figure 3.91, to provide a qualitative validation that the NAM method of 

identifying regions of rotation in the corresponding flow fields agrees with the 

streamlines.   

There is a significant jump in the location of the largest rotation center plotted 

between  = 18.3
o
 (Figure 3.91F) and 18.4

o
 (Figure 3.91G).  These plots illustrate how 

the region of recirculation in the trailing edge separation region reduces in strength while 

a new region of recirculation forms near the leading edge and appears to convect 
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downstream as the angle of attack continues to increases (Figure 3.91G through Figure 

3.91L).   

Since the location of maximum rotation appears to be able to be captured at angle of 

attack increments of 0.1
o
, it is possible to track how this region of recirculation evolves 

through time on a single plot.  Figure 3.92 illustrates a trace of the center of rotation for 

four different scenarios between angles of attack of  = 17.0
o
 and 19

o
.  In Figure 3.92A, 

the jets are not actuated (the baseline case), and thus represent a collation of data 

presented in Figure 3.91.  Flow Control is applied at three different momentum 

coefficients, and these results are plotted in increasing jet momentum injection strength 

in Figure 3.92B-D.  Since for each data point the angle of attack changes, the model 

plotted in Figure 3.92 is at an average angle of attack for the corresponding data, to 

simply show a representative location for the model and retain an appreciation of where 

the centers of rotation lie with respect to the surface of the model. 

In Figure 3.92A, where no flow control is applied, the center of rotation is near the 

trailing edge of the model, and at  = 18.4
o
, the center of rotation jumps to the front of 

the model, as the region of recirculation created near the leading edge forms and 

convects downstream.  In Figure 3.92B-D, as the momentum injection increases in 

strength, instead of the formation of a leading edge recirculation and the diminishing of 

the trailing edge recirculation, the trailing edge separation persists, and as the 

momentum coefficient increases this region of recirculation does not appear to 

significantly change its spatial location.  This is an important result, as it demonstrates 

that flow control does disrupt the formation of what may be called a dynamic stall 

vortex, but does not completely eliminate separation.  In this manner, during this portion 

of the cycle, the loading experienced by the model, and thus the tip vibration, changes as 

the aerodynamic loading applied to the model by the flow field is modified in the phased 

averaged sense.   

3.5 Phase Averaging versus Instantaneous Results 

Thus far in this study, all of the PIV results were presented in a phased-averaged sense.  

That is, a velocity field (or any quantity of interest) was averaged from 500 

instantaneous flow fields captured at a given motion profile and a given angle of attack 
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of the model.  A question can be raised: how does the instantaneous appearance of the 

flow fields around a dynamically pitching model vary as compared to the phased 

averaged flow fields?  In this section, the nature of this phase averaging is explored.   

Figure 3.93 shows the phase averaged velocity field obtained at an angle of attack of 

19
o
 during dynamic motion, as well as eleven instantaneous flow fields (Figure 3.93B–

L) which, taken together with the remaining 489 individual flow fields (not shown) were 

averaged together to obtain the phase-averaged velocity field illustrated in Figure 3.93A.  

As the flow fields are visually more diverse in distribution of velocity, streamlines have 

not been included for the instantaneous frames (Figure 3.93B–L) in favor of in-plane 

velocity vectors, such that the local in-plane velocity can be visualized more effectively 

than streamlines.  Compared to the phase averaged picture ((Figure 3.93A), the 

instantaneous results show far less coherence (Figure 3.93B–L).  These fields do  

qualitatively correspond with some high fidelity CFD results that also investigate the 

flow fields during dynamic pitching (that is to say, the fields are richer in flow features 

compared to the phase averaged flow field) (Visbal, 2014).  The overall region where 

reduced total velocity can be seen in the phase averaged sense does correspond to the 

regions where reduced total velocity can be seen in the instantaneous results, but there 

are significant fluctuations in total velocity in the separated region evident in the 

instantaneous flow fields.  Thus, considering dynamic motion cycle by cycle, while the 

loading seen by the model appears relatively phase-locked, the behaviors of the 

instantaneous velocity fields do not appear to demonstrate such a phase locking nature.   

Figure 3.94 shows the phase averaged spanwise vorticity fields obtained at an angle 

of attack of 19
o
 during dynamic motion, as well as the same eleven sample instantaneous 

flow fields (Figure 3.94B–L).  Here, streamlines are included for both the phase-

averaged as well as the instantaneous fields.  As can be seen, the phase averaged 

spanwise vorticity field is dominated by negative vorticity, whereas the presence of 

positive vorticity is much more evident in the instantaneous cases.  This indicates that 

smaller scale structures are being formed and shed during this portion of the dynamic 

motion profile, and since these structures are not phase locked to the motion of the blade, 

they are average out (or filtered) and cannot be identified in the phase-averaged sense. 
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In section 3.4, an exploration of NAM revealed the appearance of a phase averaged 

region of recirculation near the trailing edge of the model.  However, an examination of 

the velocity and vorticity fields (Figure 3.93 and Figure 3.94, respectively) shows that 

the instantaneous velocity and vorticity fields are much more varied and rich in smaller 

scale flow features than the phase averaged picture at corresponding motion conditions 

and at corresponding angles of attack.  Figure 3.95 shows the phase averaged location of 

the NAM obtained at angle of attack of 19
o
 during dynamic motion, as well as eleven 

sample instantaneous flow fields, and the same algorithm used to identify the location of 

maximum NAM was employed.  Note that since there are regions of counter-clockwise 

rotation present in the instantaneous fields, when detected, the center of these counter-

clockwise regions of angular momentum are marked with an orange circle marker.  An 

inspection of the instantaneous fields shows that there is extensive divergence in both the 

behavior of the in-plane streamlines, as well as significant spatial variation in the 

apparent maximum location of normalized angular momentum.  Thus, a graphical 

statistical approach to viewing such information is required. 

Figure 3.96 shows the locations of the clockwise NAM during dynamic motion at 

19
o
 angle of attack.  Figure 3.96A is the case where no flow control is applied, while 

Figure 3.96B–D present the actuated cases where the jet strength is progressively 

increased.  In this sense, an appreciation of the location of the apparently largest center 

of NAM as it varies from cycle to cycle can be gained.  The trend that this identifies is, 

that as the momentum injection near the leading edge increases, statistically, the largest 

structures being shed near the leading edge tend to stay closer to the surface of the model 

as they convect downstream.  It is this phenomenon of the change in the ‘convection 

path’ of leading edge structures that disrupts the formation of a larger leading edge 

region of rotation in the phase averaged sense, the leading edge recirculation evident in 

Figure 3.91G–L.  Thus, the actuation of the jets is not only evident in the phase averaged 

results, but a cursory examination of the instantaneous flow fields captured at a single 

angle of attack under dynamic motion conditions yields similar conclusions.   

Clearly, applying the NAM analysis to instantaneous results, and applying an ad hoc 

filter to this (i.e., considering only the peak of this NAM) may be moving away from 

understanding the flow in a proper sense.  While a peak in NAM can be considered, 
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errors in the velocity field for a given PIV frame may be significant, impacting the 

effectiveness of applying such an algorithm to single frames worth of PIV data.  

Incorporating information about the circulation about a given NAM peak would yield 

insight into the strength of the vortical structure, and taken with NAM, may be a more 

effective manner of identifying regions of rotation in instantaneous flow fields.  A 

challenge with NAM is that, if N is too small, then many small scale structures can be 

identified in the flow, and a method needs to be established distinguishing shear layer 

vortical structures and dynamic stall vortex structures, through a deeper detailed analysis 

of instantaneous PIV data.  The development of such an approach is the target of future 

work, and can be conducted by employing the extensive data set this study collated.  

3.6 Effects of Spanwise Location on the Flow Field  

Thus far, all of the PIV data presented were across jet 6, the sixth jet from the tip of the 

model, or more accurately, at the mid-span of the model.  However, since this is a low 

aspect ratio model, with an AR of 2.54, it can be anticipated that there are significant 

edge effects, which could serve to reduce separation near the tip (due to the presence of 

the tip vortex) or near the root (due to the horseshoe vortex from the boundary layer of 

the wind tunnel wall).  In this section, a comparison of selected flow fields at three 

different spanwise locations is conducted.  It will be shown that, near the tip and near the 

root, the extent of separation is reduced (compared to the mid-span location) at a given 

angle of attack, but flow control still has an effect with respect to reducing the extent of 

separation at all three spanwise locations.   

Figure 3.97 shows the total velocity fields with in-plane streamlines at four different 

angles of attack, and at three spanwise locations.  The data presented were captured 

during dynamic motion, with average angle of attack of 14
o
, amplitude of oscillation of 

5.5
o
, and reduced frequency of 0.035.  The angles selected include angles prior to static 

stall, based on the static lift curve shown in Figure 3.10 (Figure 3.97A-C), as well as an 

angle higher than the static stall,  = 19
o
 (Figure 3.97J-L).  As can be seen, at a given 

angle of attack, the apparent extent of separation is greater at the mid-span versus the tip 

and root locations.  This suggests that the 3-D flow field behaves in a manner akin to 

stall cells, in that the separation region identified at the mid-span is not consistent across 



 

 99 

the span of the model.  Weihs & Katz (1983) suggested that the number of stall cells at 

this Reynolds number is given by the following equation (subscripted with s to avoid 

convolution with n, the number of synthetic jets actuated):  

 

   
  

    
                                                                 (3.2) 

 

Where ns is the number of anticipated stall cells that will form on an unswept wing with 

a given aspect ratio AR (Weihs & Katz, 1983).  As the aspect ratio of this model is 2.54, 

this yields that a single stall cell will form on this model, and the velocity fields bear this 

out.  Similar studies, which examine pressure distributions along the surface of an airfoil 

under similar dynamic conditions, suggest that even for a quasi-2D configuration, non-

uniformity in the flow field across the span is to be expected (Babbitt, Strike, Hind, & 

Naughton, 2012). 

Figure 3.98 shows the spanwise vorticity fields corresponding to the angles of attack 

shown in Figure 3.97, during corresponding motion parameters of average angle of 

attack of 14
o
, amplitude of oscillation of 5.5

o
, and reduced frequency of 0.035.  There 

appears to be significant variation in the point of separation at each spanwise location, 

and the extent to which the spanwise vorticity is being produced varies from spanwise 

location to spanwise location.  This is again consistent with the assessment that the flow 

field that occurs around the model is consistent with a single stall cell.   

Next, the effect of the synthetic jets on the flow field was explored and is presented 

in Figure 3.99, which shows the total velocity fields at the three spanwise locations 

illustrated in Figure 3.97, with a momentum coefficient,    = 6.5 x 10
-3

.  There appears 

to be an effect of reducing the separation at each spanwise location; however, the effect 

is more pronounced at the mid-span location during the portion of the cycle where the 

flow field is characterized by full separation during dynamic motion (Figure 3.97K 

versus Figure 3.99K).  An evaluation of the vorticity fields at various spanwise locations 

when flow control is applied (Figure 3.100) at the corresponding angles reveals higher 

vorticity concentrations (near the surface of the model) near the tip than near the root.   
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A side-by-side comparison between the baseline case and the case when the jets are 

activated at    = 6.5 x 10
-3

, at the spanwise location of jet 2, reveals the effectiveness at 

reducing flow separation at this spanwise location.  Figure 3.101 shows the total velocity 

fields at  = 16
o
, 17

o
, 18

o
, and 19

o
 near the tip, with no flow control (Figure 3.101, left 

column) and with flow control active (Figure 3.101, right column).  There is no 

significant variation in the flow fields with and without flow control active until 19
o
, 

where flow control decreases the severity of the separation near the trailing edge of the 

model (Figure 3.101G and H). 

An assessment of the spanwise vorticity fields at the corresponding angles of attack, 

Figure 3.102, shows that the vorticity fields are qualitatively similar again until  = 19
o
, 

where the vorticity fields diverge, and the vorticity field is more spread out with the jets 

off (Figure 3.102G as compared to where flow control is active, Figure 3.102H).  This 

trend is also apparent in an analysis of the TKE, which shows a similar trend as the 

vorticity field (Figure 3.103G and H).  (A portion of these fields have been masked out.  

Artifacts in the background compromised a portion of the PIV field captured.) 

The conclusion that can be drawn from this is, assuming the effect of a single 

synthetic jet is localized to the region directly aft of the jet, it may be that jets need only 

be actuated at the spanwise locations where stall is detected.  In this manner, it may be 

possible at the full scale to further reduce power requirements of a fully developed flow 

control system, by detecting separation along the span, and using this information to 

selectively choose which jets to actuate.  Certainly, investigating this effect is a target of 

future work.  Note that previous work evaluating the effectiveness and jet spacing under 

different geometries, and including sweep, has suggested that consideration needs to be 

given to three-dimensional effects (Rathay, Boucher, Amitay, & Whalen, 2014). 

3.7 Pulse Modulation 

Early work on the alpha model demonstrated that pulse modulation may be an effective 

tool to further enhance the effectiveness of flow control to reduce load hysteresis while 

simultaneously reducing the power consumption of such a flow control system.  Some 

preliminary results conducted on the alpha model exploring this are presented in 3.1.2.2 

above.  Presented here is a single case of pulse modulation.  Here, the modulation 
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frequency is 90 Hz (  
  = 1.1), and the duty cycle of the pulse modulation is 20%.  

Figure 3.104 show the variation in lift (Figure 3.104A), drag (Figure 3.104B), and 

pitching moment (Figure 3.104C) coefficients with angle of attack for the baseline (in 

black), 100% duty cycle (in green), and pulse modulation (in blue) cases.  The 

momentum coefficient is nominally 6.5 x 10
-3

.  Note that the true momentum averaged 

over time is 1/5 of this value for the 20% duty cycle case, as the pulse modulation duty 

cycle is 20%.  As can be seen, there is a considerable reduction in load hysteresis, as 

well as reduction in the load oscillations at the structural frequency of 7 Hz, both in 

comparison to the baseline and compared to the 100% duty cycle case.  As it has been 

established, there is a significant (albeit not perfect) correlation between the tip 

deflections and lift load oscillations.  Extending that relationship to this picture, this 

highlights the potential for pulse modulation with respect to its inclusion in a closed loop 

flow control scheme. 

It must be noted that pulse modulation involves sharp changes in the derivatives of 

the voltage signal between each duty cycle, which, due to the material properties of the 

piezoelectric material employed in this study.   These sharp changes can damage the 

actuator, resulting in almost immediate degradation in the strength of the jets.  As a 

result, pulse modulation and partial loop actuation were not extensively investigated in 

this study.  Future work would benefit from either 

1.  Developing a piezoelectric material which is better able to handle sharp changes 

in voltage derivatives several times a second, or 

2. Changing the carrier signal to soften the change into and out of a pulse 

modulation signal.  This can be done by incorporating a low pass filter to the 

input signal to the jets. 

Previous work (Amitay & Glezer, Role of Actuationg Frequency in Controlled Flow 

Reattachment over a Stalled Airfoil, 2002) and other investigations (Brzozowski, Woo, 

Culp, & Glezer, 2010) suggest that it is the sharp change in momentum injection that 

allows rapid changes to occur in the global circulation, and allow for rapid reattachment 

of flow under static or dynamic conditions.  Removal of the sharp change in voltage at 

the beginning of a pulse modulation cycle may reduce the effectiveness of pulse 
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modulation to change the flow field, resulting in reduced effectiveness in tip vibration 

reduction.  The extent to which this is true needs to be investigated.  

3.8 Schematic of Dynamic Stall of an S809 Airfoil 

An analysis of the PIV data presented in this study indicates the following mechanism 

underlies the dynamic stall present.  Figure 3.105 shows how the flow field evolves from 

fully attached flow to fully separated flow during the dynamic pitch motion, based on the 

evidence collected during the course of this investigation.  It appears that, as the model 

pitches up, there first develops a region separated flow near the trailing edge, which is 

characterized by a phase averaged region of recirculation (Figure 3.105B).  This region 

only extends from x/c = 0.5 past the trailing edge to the wake region.  As the blade 

continues to pitch up, this phase averaged recirculation region decreases in size, as a new 

phase averaged recirculation region begins to form and grow in size near the leading 

edge (Figure 3.105D).  This structure that forms near the leading edge then convects 

downstream, until the flow becomes fully separated (Figure 3.105E).  Note that the 

separated region is dominated by a much larger phase averaged recirculation region 

(Figure 3.105F) than when the flow field was dominated by trailing edge separation 

(Figure 3.105B).   

The effect of flow control, where momentum in introduced near the leading edge (at 

x/c = 0.13), is that, instead of the formation of a new phase averaged region of 

recirculation, present in the baseline case (Figure 3.105C), this structure does not form, 

and the flow transitions directly from trailing edge separation (Figure 3.105B) to fully 

separated flow (Figure 3.105E).  This is important, as this has a direct effect to how the 

loading evolves in time over the airfoil in the phase averaged sense.  If the rate at which 

this process occurs (without flow control) is similar to the structure’s natural frequency, 

one would anticipate the excitement of a structural vibrational mode.  Changing this 

process via flow control presumably will change the amplitude of the loading change, 

reducing the vibrational mode excited, even if the frequency at which the flow changes 

state remains the same.  This is based on the fact that the extent of separation is lower in 

the case where momentum is injected, and as such, the pressure difference from the 
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pressure side to the suction side can be anticipated to change magnitude, directly leading 

to a change in the amplitude of the loading change. 
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Figure 3.1: Lift coefficient versus angle of attack for the Alpha Model at a Reynolds number of 

220,000 for five different jet configurations.  

 
Figure 3.2: Drag coefficient versus angle of attack for the Alpha Model at a Reynolds number of 

220,000 for five different jet configurations. 
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Figure 3.3: Pitching moment coefficient versus angle of attack for the Alpha Model at a Reynolds 

number of 220,000 for five different jet configurations.  

 
Figure 3.4: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.0015,  ̅ = 

14
o
, and αA = 5.5

o
.  The jets located at 10% chord are actuated. 
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Figure 3.5: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.015,  ̅ = 14

o
, 

and αA = 5.5
o
.  The jets located at 10% chord are actuated. 

 
Figure 3.6: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.0015,  ̅ = 

14
o
, and αA=5.5

o
.  Here, the jets are only actuated for a portion of the dynamic motion cycle, 30% 

(purple) and 50% (green).  The jets located at 10% chord are actuated. 
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Figure 3.7: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.0015,  ̅ = 

14
o
, and αA=5.5

o
.  The jets located at 10% chord are actuated in a pulse modulation fashion for the 

duration of a dynamic pitching cycle. 

 
Figure 3.8: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.015,  ̅ = 14

o
, 

and αA = 5.5
o
.  The jets located at 10% chord are actuated in a pulse modulation fashion for the 

duration of a dynamic pitching cycle. 
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Figure 3.9: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.0015,  ̅ = 

14
o
, and αA = 5.5

o
.  The jets located at 10% chord are actuated in a pulse modulation fashion for the 

duration of a dynamic pitching cycle at varying modulation frequencies. 

 
Figure 3.10: The variation of the static lift, drag, and pitching moment coefficients with angle of 

attack for the finite span configuration of the Gamma Model.    
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Figure 3.11: Color contours of the total velocity and the spanwise vorticity under pre-stall and post 

stall conditions, at fixed angles of attack. 
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Figure 3.12: Wall tangent velocity profile at 70% chord at  = 17

o
 (green), and 18

o 
angle of attack 

(blue), and as static angles of attack. 
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Figure 3.13: Contours of total velocity fields superimposed with in-plane streamlines at four static 

angles of attack. Infinite span configuration (left column) and finite span configuration (right 

column). 

  



 

 112 

 
Figure 3.14: Color contours of the fluctuating spanwise component of Reynolds stresses under pre-

stall (A) and post stall (B) conditions.  Spanwise velocity component under pre-stall (C) and post 

stall (D) conditions.  Infinite span configuration. 
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Figure 3.15: Color contours of the fluctuating spanwise component of Reynolds stresses under pre-

stall (A) and post stall (B) conditions.  Spanwise velocity component under pre-stall (C) and post 

stall (D) conditions.  Finite span configuration. 
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Figure 3.16: Comparison of TKE and the spanwise vorticity at  = 19 degrees angle of attack.  The 

left column is the infinite span configuration, and the right column is the finite span configuration. 
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Figure 3.17: Total velocity fields of the finite span configuration during dynamic motion conditions 

prescribed by kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 1

o
 increments between 11

o
 and 19

o
 as the model is 

pitching to higher angles of attack. 
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Figure 3.18: Normalized spanwise vorticity fields of the finite span configuration during dynamic 

motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 1

o
 increments between 11

o
 and 

19
o
 as the model is pitching up. 
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Figure 3.19: TKE fields of the finite span configuration during dynamic motion conditions 

prescribed by kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 1

o
 increments between 11

o
 and 19

o
 as the model is 

pitching up. 
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Figure 3.20: Line plots of wall tangent velocity at 30% chord for the finite span configuration.  

These plots are generated from PIV data captured during dynamic motion conditions prescribed by 

kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 1

o
 increments between 11

o
 and 19

o
 as the model is pitching up. 
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Figure 3.21: Line plots of wall tangent velocity at 50% chord for the finite span configuration.  

These plots are generated from PIV data captured during dynamic motion conditions prescribed by 

kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 1

o
 increments between 11

o
 and 19

o
 as the model is pitching up. 
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Figure 3.22: Line plots of wall tangent velocity at 70% chord for the finite span configuration.  

These plots are generated from PIV data captured during dynamic motion conditions prescribed by 

kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 1

o
 increments between 11

o
 and 19

o
 as the model is pitching up. 
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Figure 3.23: Total velocity fields of the infinite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 1

o
 increments between 11

o
 and 19

o
 as the 

model is pitching up. 
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Figure 3.24: Vorticity fields of the infinite span configuration during dynamic motion conditions 

prescribed by kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 1

o
 increments between 11

o
 and 19

o
 as the model is 

pitching up. 
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Figure 3.25: TKE fields of the infinite span configuration during dynamic motion conditions 

prescribed by kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 1

o
 increments between 11

o
 and 19

o
 as the model is 

pitching up. 

  



 

 124 

 
Figure 3.26: Line plots of wall tangent velocity at 30% chord for the infinite span configuration.  

These plots are generated from PIV data captured during dynamic motion conditions prescribed by 

kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 1

o
 increments between 11

o
 and 19

o
 as the model is pitching up. 
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Figure 3.27: Comparison of total velocity fields captured during dynamic motion prescribed by kf = 

0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 2

o
 increments between 13

o
 and 19

o
 as the model pitches up between 

the infinite span configuration (left column) and finite span configuration (right column). 
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Figure 3.28: Comparison of vorticity fields captured during dynamic motion prescribed by kf = 

0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 2

o
 increments between 13

o
 and 19

o
 as the model pitches up between 

the infinite span configuration (left column) and finite span configuration (right column). 
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Figure 3.29: Comparison of TKE fields captured during dynamic motion prescribed by kf = 0.035,  ̅ 

= 14
o
, and αA = 5.5

o
 at 2

o
 increments between 13

o
 and 19

o
 as the model pitches up between the infinite 

span configuration (left column) and finite span configuration (right column). 

  



 

 128 

 
Figure 3.30: Total velocity fields of the finite span configuration during dynamic motion conditions 

prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the 

model pitches up. 
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Figure 3.31: Normalized spanwise vorticity fields of the finite span configuration during dynamic 

motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments between 17.7

o
 

and 19.3
o
 as the model pitches up. 
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Figure 3.32: TKE fields of the finite span configuration during dynamic motion conditions 

prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 as the 

model pitches up. 
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Figure 3.33: Chordwise component of Reynolds stress fields of the finite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between 17.7
o
 and 19.3

o
 as the model pitches up. 
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Figure 3.34: Wall-normal component of Reynolds stress fields of the finite span configuration 

during dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between 17.7
o
 and 19.3

o
 as the model pitches up. 
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Figure 3.35: Spanwise component of Reynolds stress fields of the finite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between 17.7
o
 and 19.3

o
 as the model pitches up. 
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Figure 3.36: Line plots of wall tangent velocity at 30% chord of the finite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between 17.7
o
 and 19.3

o
 as the model pitches up. 
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Figure 3.37: Line plots of wall tangent velocity at 50% chord of the finite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between 17.7
o
 and 19.3

o
 as the model pitches up. 
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Figure 3.38: Line plots of wall tangent velocity at 70% chord of the finite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 0.2

o
 increments between 

17.7
o
 and 19.3

o
 as the model pitches up. 
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Figure 3.39: Line plots of wall normal velocity at 30% chord of the finite span configuration during 

dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between 17.7
o
 and 19.3

o
 as the model pitches up. 
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Figure 3.40: Line plots of normalized spanwise vorticity at 30% chord of the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 

0.2
o
 increments between 17.7

o
 and 19.3

o
 as the model pitches up. 
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Figure 3.41: Line plots of TKE at 30% chord of the finite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA=5.5

o
 at 0.2

o
 increments between 17.7

o
 and 19.3

o
 

as the model pitches up. 
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Figure 3.42: Comparison of total velocity during dynamic conditions at two different reduced 

frequencies, kf = 0.035 (left column) and kf = 0.05 (right column) at 0.6
o
 increments between 17.1

o
 

and 19.2
o
 as the finite span model pitches up during dynamic motion conditions prescribed by  ̅ = 

14
o
, and αA = 5.5

o
.  
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Figure 3.43: Comparison of normalized vorticity during dynamic conditions at two different 

reduced frequencies, kf = 0.035 (left column) and kf = 0.05 (right column) at 0.6
o
 increments between 

17.1
o
 and 19.2

o
 as the finite span model pitches up during dynamic motion conditions prescribed by 

 ̅ = 14
o
, and αA = 5.5

o
.  



 

 142 

 
Figure 3.44: Comparison of TKE during dynamic conditions at two different reduced frequencies, kf 

= 0.035 (left column) and kf = 0.05 (right column) at 0.6
o
 increments between 17.1

o
 and 19.2

o
 as the 

finite span model pitches up during dynamic motion conditions prescribed by  ̅ = 14
o
, and αA = 5.5

o
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Figure 3.45: Comparison of line plots of wall tangent velocity at 30% chord during dynamic 

conditions at two different reduced frequencies, kf = 0.035 and kf = 0.05 at 0.6
o
 increments between 

17.1
o
 and 19.2

o
 as the finite span model pitches up during dynamic motion conditions prescribed by 

 ̅ = 14
o
, and αA = 5.5

o
.  
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Figure 3.46: Comparison of line plots of wall tangent velocity at 50% chord during dynamic 

conditions at two different reduced frequencies, kf = 0.035 and kf = 0.05 at 0.6
o
 increments between 

17.1
o
 and 19.2

o
 as the finite span model pitches up during dynamic motion conditions prescribed by 

 ̅ = 14
o
, and αA = 5.5

o
.  
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Figure 3.47: Comparison of line plots of wall tangent velocity at 70% chord during dynamic 

conditions at two different reduced frequencies, kf = 0.035 and kf = 0.05 at 0.6
o
 increments between 

17.1
o
 and 19.2

o
 as the finite span model pitches up during dynamic motion conditions prescribed by 

 ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.48: Total velocity fields of the infinite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments between 16.2

o
 and 18.4

o
 

as the model pitches up. 
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Figure 3.49: Normalized vorticity fields of the infinite span configuration during dynamic motion 

conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments between 16.2

o
 and 18.4

o
 

as the model pitches up. 
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Figure 3.50: TKE fields of the infinite span configuration during dynamic motion conditions 

prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments between 16.2

o
 and 18.4

o
 as the 

model pitches up. 
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Figure 3.51: Comparison of total velocity during dynamic between the infinite span configuration 

(left column) and finite span configuration (right column) at 0.8
o
 increments between 16.4

o
 and 18.8

o
 

as the finite span model pitches up during dynamic motion conditions prescribed by kf = 0.035 ,  ̅ = 

14
o
, and αA = 5.5

o
.  
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Figure 3.52: Comparison of normalized vorticity during dynamic between the infinite span 

configuration (left column) and finite span configuration (right column) at 0.8
o
 increments between 

16.4
o
 and 18.8

o
 as the finite span model pitches up during dynamic motion conditions prescribed by 

kf = 0.035 ,  ̅ = 14
o
, and αA = 5.5

o
.  
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Figure 3.53: Comparison of TKE during dynamic between the infinite span configuration (left 

column) and finite span configuration (right column) at 0.8
o
 increments between 16.4

o
 and 18.8

o
 as 

the finite span model pitches up during dynamic motion conditions prescribed by kf = 0.035 ,  ̅ = 

14
o
, and αA = 5.5

o
.  
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Figure 3.54: Total velocity fields at fixed angles of attack with the jets off (left column) and jets 

actuated at    = 6.5 x 10
-3

 (right column) at 2
o
 increments between 13

o
 and 19

o
 for the infinite span 

configuration. 
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Figure 3.55: Normalized spanwise vorticity fields at fixed angles of attack with the jets off (left 

column) and jets actuated at     = 6.5 x 10
-3

 (right column) at 2
o
 increments between 13

o
 and 19

o
 for 

the infinite span configuration. 
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Figure 3.56: TKE fields at fixed angles of attack with the jets off (left column) and jets actuated at 

   = 6.5 x 10
-3

 (right column) at 2
o
 increments between 13

o
 and 19

o
 for the infinite span 

configuration. 
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Figure 3.57: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.05,  ̅ = 14
o
, 

and αA = 5.5
o
.  Gamma Model. 
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Figure 3.58: Lift coefficient variation during the pitching cycle for varying levels of jet momentum 

injection strength at kf = 0.05,  ̅ = 14
o
, and αA = 5.5

o
.  At 0% the model is at  ̅ = 14

o
 and pitches up. 
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Figure 3.59: Drag coefficient variation during the pitching cycle for varying levels of jet momentum 

injection strength at kf = 0.05,  ̅ = 14
o
, and αA=5.5

o
.  At 0% the model is at  ̅ = 14

o
 and pitches up. 
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Figure 3.60: Pitching moment coefficient during the pitching cycle for varying levels of jet 

momentum injection strength at kf = 0.05,  ̅ = 14
o
, and αA=5.5

o
.  At 0% the model is at  ̅ = 14

o
 and 

pitches up. 
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Figure 3.61: Comparison of the normalized maximum lift coefficient versus normalized maximum 

tip deflection during the pitching cycle.  
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Figure 3.62: Normalized tip deflection during the pitching cycle for varying levels of jet momentum 

injection strength at kf = 0.05,  ̅ = 14
o
, and αA=5.5

o
.  At 0% the model is at  ̅ = 14

o
 and pitches up. 
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Figure 3.63: Total velocity fields with the jets off (left column),    = 1.3 x 10
-3

 (center column), and 

   = 6.5 x 10
-3

 (right column) at 1
o
 increments between 16

o
 and 19

o
 during motion conditions of kf = 

0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.64: Normalized spanwise vorticity fields with the jets off (left column),    = 1.3 x 10
-3

 

(center column), and    = 6.5 x 10
-3

 (right column) at 1
o
 increments between 16

o
 and 19

o
 during 

motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.65: TKE fields with the jets off (left column),    = 1.3 x 10
-3

 (center column), and    = 6.5 x 

10
-3

 (right column) at 1
o
 increments between 16

o
 and 19

o
 during motion conditions of kf = 0.035,  ̅ = 

14
o
, and αA = 5.5

o
. 
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Figure 3.66: TKE field at 19

0
 angle of attack as the blade is pitching DOWN at    = 6.5 x 10

-3
 

19
o
 during motion conditions of kf = 0.035,  ̅ = 14

o
, and αA = 5.5

o
. 
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Figure 3.67: Chordwise component of Reynolds stress fields with the jets off (left column),    = 1.3 x 

10
-3

 (center column), and    = 6.5 x 10
-3

 (right column) at 1.0
o
 increments between 16

o
 and 19

o
 

during motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.68: Wall-normal component of Reynolds stress fields with the jets off (left column),    = 

1.3 x 10
-3

 (center column), and    = 6.5 x 10
-3

 (right column) at 1.0
o
 increments between 16

o
 and 19

o
 

during motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.69: Spanwise component of Reynolds stress fields with the jets off (left column),    = 1.3 x 

10
-3

 (center column), and    = 6.5 x 10
-3

 (right column) at 1.0
o
 increments between 16

o
 and 19

o
 

during motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.70: Line plots of wall tangent velocity at 30% chord during dynamic conditions at with the 

jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 16

o
 and 19

o
 during motion 

conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.71: Line plots of wall normal velocity at 30% chord during dynamic conditions at with the 

jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 16

o
 and 19

o
 during motion 

conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.72: Line plots of normalized spanwise vorticity at 30% chord during dynamic conditions at 

with the jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 16

o
 and 19

o
 during 

motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.73: Line plots of TKE at 30% chord during dynamic conditions at with the jets off,    = 1.3 

x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 16

o
 and 19

o
 during motion conditions of kf = 

0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.74: Line plots of wall tangent velocity at 50% chord during dynamic conditions at with the 

jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 16

o
 and 19

o
 during motion 

conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.75: Line plots of wall tangent velocity at 70% chord during dynamic conditions at with the 

jets off,    = 1.3 x 10
-3

, and    = 6.5 x 10
-3

 at 1
o
 increments between 16

o
 and 19

o
 during motion 

conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.76: Total velocity fields with the jets off (left column) and jets actuated at    = 1.3 x 10
-3

 

(right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during 

motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.77: Normalized vorticity fields with the jets off (left column) and jets actuated at    = 1.3 x 

10
-3

 (right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration 

during motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.78: TKE fields with the jets off (left column) and jets actuated at    = 1.3 x 10
-3

 (right 

column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during motion 

conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.79: Line plots of wall tangent velocity at 30% chord with the jets off and jets actuated at    

= 1.3 x 10
-3

 at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during 

motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.80: Line plots of wall tangent velocity at 50% chord with the jets off and jets actuated at 

   = 1.3 x 10
-3

 at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during 

motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.81: Total velocity fields with the jets off (left column) and jets actuated at    = 2.9 x 10
-3

 

(right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during 

motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.82: Total velocity field with jets actuated at    = 2.9 x 10
-3

 at 19.2
o
 for the finite span 

configuration during motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.83: Normalized spanwise vorticity fields with the jets off (left column) and jets actuated at 

   = 2.9 x 10
-3

 (right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span 

configuration during motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.84: TKE fields with the jets off (left column) and jets actuated at    = 2.9 x 10
-3

 (right 

column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during motion 

conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 

  



 

 183 

 

Figure 3.85: Line plots of wall tangent velocity at 30% chord with the jets off and jets actuated at 

   = 2.9 x 10
-3

 at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during 

motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.86: Line plots of wall tangent velocity at 50% chord with the jets off and jets actuated at 

   = 2.9 x 10
-3

 at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during 

motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.87: Total velocity fields with the jets off (left column) and jets actuated at    = 1.3 x 10
-3

 

(right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during 

motion conditions of kf = 0.05,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.88: Normalized spanwise vorticity fields with the jets off (left column) and jets actuated at 

   = 1.3 x 10
-3

 (right column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span 

configuration during motion conditions of kf = 0.05,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.89: TKE fields with the jets off (left column) and jets actuated at    = 1.3 x 10
-3

 (right 

column) at 0.4
o
 increments between 17.6

o
 and 18.8

o
 for the finite span configuration during motion 

conditions of kf = 0.05,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.90: Q criterion (red contours) versus normalized angular momentum (NAM, peak 

indicated with blue marker) at a fixed angle of attack of 19
o
 for the infinite span configuration. 
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Figure 3.91: Location of peak normalized angular momentum for the finite span configuration 

during dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 0.2

o
 increments 

between  = 17.1
o
 and 19.3

o
 as the model pitches up. 
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Figure 3.92: Trace of the location of peak normalized angular momentum for the finite span 

configuration during dynamic motion conditions prescribed by kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 at 

0.2
o
 increments between  = 17.1

o
 and 19.3

o
 as the model is pitching to higher angles of attack with 

the jets off (A),    = 1.3 x 10
-3

 (B),    = 2.9 x 10
-3

 (C), and    = 6.5 x 10
-3

 (D).  
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Figure 3.93: Comparison between phase-averaged total velocity field (A) and selected instantaneous 

total velocity fields (B-L) during dynamic motion conditions prescribed by kf = 0.05,  ̅ = 14
o
, and αA 

= 5.5
o
 at  = 19

o
 as the model pitches up. 
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Figure 3.94: Comparison between phase-averaged normalized spanwise vorticity (A) and selected 

instantaneous normalized vorticity fields (B-L) during dynamic motion conditions prescribed by kf = 

0.05,  ̅ = 14
o
, and αA = 5.5

o
 at  = 19

o
 as the model pitches up. 
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Figure 3.95: Comparison between phase-averaged location of peak NAM (A) and selected 

instantaneous locations of peak NAM (B-L) during dynamic motion conditions prescribed by kf = 

0.05,  ̅ = 14
o
, and αA = 5.5

o
 at  = 19

o
 as the model pitches up. 

  



 

 194 

 
Figure 3.96: Locations of peak NAM detected for 500 instantaneous flow fields with the jets off (A), 

   = 1.3 x 10
-3

 (B),   =2.9 x 10
-3

 (C), and    = 6.5 x 10
-3

 (D) during dynamic motion conditions 

prescribed by kf = 0.05,  ̅ = 14
o
, and αA = 5.5

o
 at  = 19

o
 as the model is pitches up.   
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Figure 3.97: Total velocity fields at jet 2 (near tip, left column), jet 6 (mid span, center column), and 

jet 9 (near root, right column) at 2
o
 increments between  = 13

o
 and 19

o
 during motion conditions of 

kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o
 for the finite span configuration.  There is no jet actuation. 
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Figure 3.98: Normalized spanwise vorticity fields at jet 2 (near tip, left column), jet 6 (mid span, 

center column), and jet 9 (near root, right column) at 2
o
 increments between 13

o
 and 19

o
 during 

motion conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o 
for the finite span configuration. 
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Figure 3.99: Total velocity fields at jet 2 (near tip, left column), jet 6 (mid span, center column), and 

jet 2 (near root, right column) at 2
o
 increments between 13

o
 and 19

o
 during motion conditions of kf = 

0.035,  ̅ = 14
o
, and αA = 5.5

o
 for the finite span configuration. 
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Figure 3.100: Normalized Vorticity fields at jet 2 (near tip, left column), jet 6 (mid span, center 

column), and jet 9 (near root, right column) at 2
o
 increments between 13

o
 and 19

o
 during motion 

conditions of kf = 0.035,  ̅ = 14
o
, and αA = 5.5

o 
for the finite span configuration. 
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Figure 3.101: Total velocity fields around jet 2 (near tip) with the jets off (left column) and jets 

actuated at     =6.5 x 10
-3

 (right column) at 1.0
o
 increments between 16.0

o
 and 19.0

o
 for the finite 

span configuration during motion conditions of kf = 0.05,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.102: Normalized vorticity fields around jet 2 (near tip) with the jets off (left column) and 

jets actuated at    = 6.5 x 10
-3

 (right column) at 1.0
o
 increments between 16.0

o
 and 19.0

o
 for the 

finite span configuration during motion conditions of kf = 0.05,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.103: TKE fields around jet two (near tip) with the jets off (left column) and jets actuated at 

   = 6.5 x 10
-3

 (right column) at 1
o
 increments between 16.0

o
 and 19.0

o
 for the finite span 

configuration during motion conditions of kf = 0.05,  ̅ = 14
o
, and αA = 5.5

o
. 
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Figure 3.104: Lift, drag, and pitching moment coefficients variation with angle of attack at kf = 

0.035,  ̅ = 14
o
, and αA = 5.5

o
.  The jets are actuated in a pulse modulation fashion for the duration of 

a dynamic pitching cycle with fm
+
 = 1.1 and a duty cycle of 20%. 
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Figure 3.105: Illustration of the transition from attached flow (A) to trailing edge separation (B) to 

fully separated flow (F) during a dynamic pitch motion as the model pitches up. 
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4. SUMMARY AND CONCLUSIONS 

This study explored the dynamic flow fields associated with a finite span S809 airfoil 

pitching into and out of stall conditions at a Reynolds Number of 220,000.  It was found 

that, during dynamic motion, a phase-averaged recirculation region forms near the 

leading edge, which then convects downstream, while an already present recirculation 

region due to trailing edge separation diminishes as the leading edge recirculation region 

grows.  By injecting periodic momentum into the flow near the leading edge via 

synthetic jets, this process is interfered upon, and the leading edge recirculation region 

never forms, in favor of increasing the strength of the trailing edge recirculation region.  

By changing this dynamic flow field during the dynamic motion, tip deflection and load 

oscillations, experienced by the model, are reduced.  This process, and its control, 

corresponds to a reduction in tip vibration and load oscillation during dynamic 

conditions when flow control is applied. 

This effect is valid for at least the low end reduced frequencies associated with the 

reduced frequencies that can be expected to be present during dynamic conditions of a 

real wind turbine blade, which range from 0.05 to 0.15.  The extent to which the 

recirculation region that is associated with the trailing edge separation travels upstream 

toward the leading edge, before settling to a quasi-fixed location with respect to the 

center of rotation of the model, is dependent on the level to which momentum injection 

is applied near the leading edge.   

These results strongly suggest that flow control need only be active during a portion 

of the cycle, particularly during that portion of a dynamic pitching cycle where the flow 

is separated.  As full separation is preceded by a well-defined trailing edge separation, it 

is anticipated that this information can be included into a closed loop system which 

account for, and would attempt to maintain, trailing edge separation only.  

Properly choosing a mathematical method with which to analyze rotating structures 

is necessary in order to properly appreciate how flow fields, which exhibit multiple scale 

rotating structures, is critical in order to properly understand how rotating structures 

evolve in dynamic and unsteady flow fields.  Here, it was demonstrated that the Q-

Criterion is ineffective in identifying regions of rotation in the associated flow fields, 
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and that evaluating the flow fields by the Normalized Angular Momentum approach was 

superior in identifying regions of rotation.    

The potential for Pulse Modulation as an additional method of both reducing power 

consumption and improving tip deflection reduction was demonstrated.  The physical 

limitations of such a jet actuation scheme were discussed.   

The effects demonstrated in this study suggest that, compared to an infinite span 

configuration, the only element of the dynamic picture that will change is the angle of 

attack at which a transition from trailing edge separation to fully separated flow will 

occur.  Otherwise, the manner in which this transition occurs is consistent with finite 

span results. 

This study suggests that, at this scale, the model does not uniformly separate across 

the span.  As such, it is strongly suggested that closed loop flow control actuators 

developed based on this study incorporate local pressure data from the chord aft of the 

synthetic jet, such that the only jets actuated are the jets near detected separation on a 

full scale wind turbine.  As the local angle of attack changes with respect to a rotating 

system, the effective chordwise direction of velocity will need to be accounted for in a 

full scale deployment of this flow control system.   

The dynamic stall process identified to occur here involves the following.  As the 

blade pitches up, a region of phase averaged trailing edge separation grows.  At a certain 

point during this pitching up, a second phase averaged recirculation region forms near 

the leading edge, and as this recirculation region grows in size, the recirculation region 

associated with the trailing edge diminishes.  This leading edge recirculation region then 

appears to move spatially downstream (in the phase averaged sense), until the flow is 

fully separated from the suction side of the airfoil.  The presence of flow control, via the 

injection of small amounts of momentum near the leading edge, interrupts this process, 

and while the leading edge recirculation region never forms, the trailing edge separation 

does not fade during the phase averaged examination of the dynamic motions.  It is this 

change, and the resulting change in load oscillations, which drive down the load 

oscillations and tip deflection amplitudes.   
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5. FUTURE WORK 

Future work would benefit from several endeavors, some of which have already 

been identified throughout this work. 

First and foremost, the amplitude of oscillation, and average angle of attack, need to 

increase in parameter space.  While conducting and collecting this amount of PIV data is 

time consuming, it is important to understand the extent to which the baseline dynamic 

stall process can be delayed under dynamic conditions as the blade pitches further and 

further past the static stall angle. 

An investigation at higher reduced frequencies is also in order.  Rebuilding this 

model, or the design of a new model, which can adequately withstand the torques 

involved, will be required.  In this way, it can be seen if the dynamic stall picture 

illustrated at the reduced frequencies investigated persist as the motion frequency is 

increased. 

The piezoelectric materials involved in creating the synthetic jets need material 

research to increase their robustness, particularly such that then can be fully actuated and 

fully deactivated in very short intervals.   

The method by which the center of rotation is identified should be made to be more 

rigid, and information incorporating circulation could allow for a deeper understanding, 

by not only identifying regions of rotation in instantaneous flow fields, but also their 

relative strength.  This information is important in understanding the time resolved 

aspects of the flow field, and how they change with flow control. 

As this system is currently a feed forward system, devising a method by which 

vibrations can be detected, and then actuating the jets only when vibrations are detected, 

would allow for ‘closing the loop’.  This work shows that the unsteady flow field 

associated with the transition from trailing edge separation to fully separated flow 

precedes the drop in lift associated with dynamic stall, and thus, it may be possible to 

evaluate flow conditions instead of structural conditions, so that the flow field can be 

modified prior to vibration incepting.   

Since this study is conducted at a relatively low Reynolds number as compared with 

the design Reynolds number of this airfoil, it will be important to repeat several of these 

experiments, but with a tripped boundary layer and/or at higher Reynolds numbers.  In 
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this way, it will be possible to identify if the same mechanism, which drives the 

transition from trailing edge separation to fully separated flow, is present if the boundary 

layer near the surface of the airfoil is already turbulent.  
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APPENDIX 

In this Appendix, load cell results from additional motion parameters are presented, to 

supplement the information in section 3.3.2. 

 

Figure 0.1: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.05,  ̅ = 14
o
, 

and αA=8.0
o
.  The jets located at 13% chord are actuated.  
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Figure 0.2: Lift versus cycle % for varying levels of jet momentum injection strength at kf = 0.05,  ̅ 

= 14
o
, and αA=8.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.3: Drag versus cycle % for varying levels of jet momentum injection strength at kf = 0.05,  ̅ 

= 14
o
, and αA=8.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.4: Pitch Moment versus cycle % for varying levels of jet momentum injection strength at kf 

= 0.05,  ̅ = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.5: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.05,  ̅ = 14
o
, 

and αA=10.0
o
.  The jets located at 13% chord are actuated.  



 

 225 

 

Figure 0.6: Lift versus cycle % for varying levels of jet momentum injection strength at kf = 0.05,  ̅ 

= 14
o
, and αA=10.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.7: Drag versus cycle % for varying levels of jet momentum injection strength at kf = 0.05,  ̅ 

= 14
o
, and αA=10.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  



 

 227 

 

Figure 0.8: Pitch Moment versus cycle % for varying levels of jet momentum injection strength at kf 

= 0.05,  ̅ = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.9: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.035,  ̅ = 14
o
, 

and αA=8.0
o
.  The jets located at 13% chord are actuated.  
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Figure 0.10: Lift versus cycle % for varying levels of jet momentum injection strength at kf = 0.035, 

 ̅ = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.11: Drag versus cycle % for varying levels of jet momentum injection strength at kf = 0.035, 

 ̅ = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.12: Pitch moment versus cycle % for varying levels of jet momentum injection strength at 

kf = 0.035,  ̅ = 14
o
, and αA=8.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.13: Lift, drag, and pitching moment coefficients versus angle of attack at kf = 0.035,  ̅ = 

14
o
, and αA=10.0

o
.  The jets located at 13% chord are actuated.  
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Figure 0.14: Lift versus cycle % for varying levels of jet momentum injection strength at kf = 0.035, 

 ̅ = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.15: Drag versus cycle % for varying levels of jet momentum injection strength at kf = 0.035, 

 ̅ = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward.  
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Figure 0.16: Pitch Moment versus cycle % for varying levels of jet momentum injection strength at 

kf = 0.035,  ̅ = 14
o
, and αA=10.0

o
.  At 0% chord, the model is at  ̅ = 14

o
 and is pitching upward. 


