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Atmospheric flows are turbulent. Experimental analysis of wind-induced vibration

problems must address this issue by either matching turbulence characteristics completely

or by acknowledging uncertainty in conclusions as a result of imperfect simulations.

Because the former is for all practical purposes currently impossible, the latter must be

understood as fully as possible.

This experimental study of the effects of turbulence on long-span bridge

aerodynamics examined the anatomy of turbulence effects on the self-excited forces

responsible for flutter and investigated the spanwise correlation of the overall

aerodynamic lift and moment. A forced-vibration technique was used with a model of

rectangular cross section instrumented with 64 pressure transducers. Spanwise coherence

measurements were made on both stationary and oscillating models in a series of smooth

and turbulent flows.

Unsteady pressure distributions were examined to observe turbulence-induced

changes in the self-excited forces. This allowed a clearer understanding of turbulence
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effects than was possible by observing only integrated quantities such as flutter

derivatives. For the cross section studied, turbulence stabilized the self-excited forces.

Regions of maximum pressure amplitudes were observed to shift toward the leading edge

with increasing turbulence intensity—similar to the behavior observed in pressure

distributions on stationary bodies. This upstream shifting was responsible for the bulk of

the changes in the overall stability characteristics.

Spanwise correlation was quantified for both total aerodynamic forces and for

self-excited and buffeting components separately. Self-excited forces showed essentially

unity coherence for the entire spanwise separation range studied (B4.2 ). This supports

the assumption common in analytical estimates of fully correlated self-excited forces. It

does not, however, support the hypothesis that the stabilizing effect of turbulence

observed in full aeroelastic tests is due to a turbulence-induced decrease in the spanwise

coherence of the self-excited forces. In the future, greater spanwise separations need to be

tested for full understanding of this behavior. Spanwise correlation of the buffeting force

components showed exceptional similarity between stationary and oscillating model tests.



ii

This work is dedicated to my wife Julie. No one else fully knows what went into

this effort. No one else put more into it. No one else can better share with me the joy of

the accomplishment.



iii

TABLE OF CONTENTS

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

NOMENCLATURE......................................................................................................... xix

ACKNOWLEDGEMENTS ............................................................................................xxii

CHAPTER 1. INTRODUCTION........................................................................................ 1
1.1 Turbulence and Flow-Induced Vibration ............................................................. 1
1.2 Flutter of Bluff Bodies/Bridges............................................................................ 3
1.3 Aerodynamic Analysis Applied to Bridge Design Problems ............................. 10
1.4 Motivation for Study of Turbulence Effects ...................................................... 22
1.5 Outline for the rest of the dissertation................................................................ 34

CHAPTER 2. APPROACH AND BACKGROUND ....................................................... 36
2.1 The Current Approach........................................................................................ 36
2.2 Background of Bluff-Body Aerodynamics......................................................... 42

CHAPTER 3. EXPERIMENTAL SETUP........................................................................ 53
3.1 The Atmospheric Wind Tunnel.......................................................................... 53
3.2 Model ................................................................................................................. 54
3.3 Motion Driving Equipment ................................................................................ 57
3.4 Data Acquisition Equipment .............................................................................. 61
3.5 Pressure Measurements ...................................................................................... 63
3.6 Velocity Measurements...................................................................................... 64

CHAPTER 4. VELOCITY MEASUREMENTS .............................................................. 66
4.1 Summary of Incident Turbulent Flows............................................................... 66
4.2 Velocity Profiles................................................................................................. 67
4.3 Spectral Measurements ...................................................................................... 77
4.4 Correlation Measurements ................................................................................. 80

CHAPTER 5. PRESSURE FIELDS ON STATIONARY MODEL................................. 86
5.1 Summary of Pressure Analysis Methods............................................................ 86
5.2 Preliminary Tests................................................................................................ 86
5.3 Statistical Distributions of Pressure ................................................................... 91
5.4 Pressure Spectra ................................................................................................. 97



iv

CHAPTER 6. PRESSURE FIELDS ON OSCILLATING MODELS—SECTION
RESULTS........................................................................................................................106

6.1 Summary of Pressure Measurement Experiments............................................ 106
6.2 Force and Pressure Spectra............................................................................... 107
6.3 Streamwise Distributions of Amplitude and Phase.......................................... 140
6.4 Flutter Derivatives............................................................................................ 154
6.5 Aerodynamic Admittance Functions................................................................ 157
6.6 Statistical Distributions of Pressure ................................................................. 166

CHAPTER 7. SPANWISE COHERENCE AND CORRELATION RESULTS............ 178
7.1 Summary of Measurements of Spanwise Behavior.......................................... 178
7.2 Spanwise Correlation and Coherence of Forces—Stationary Model............... 178
7.3 Streamwise Position Dependence of Spanwise Pressure

Correlation—Stationary Model........................................................................ 185
7.4 Spanwise Correlation and Coherence of Forces—Oscillating Model.............. 190
7.5 Streamwise Position Dependence of Spanwise Pressure

Correlation—Oscillating Model....................................................................... 208

CHAPTER 8. DISCUSSION OF PRESSURE RESULTS............................................. 219
8.1 Discussion of Sectional Forces ........................................................................ 219

8.1.1 Pressure Amplitude and Phase Behavior ............................................... 220
8.1.2 Flutter Derivatives ................................................................................. 226
8.1.3 Buffeting Forces on Oscillating Models ................................................ 233

8.2 Discussion of Spanwise Behavior .................................................................... 234
8.2.1 Comparison of Stationary and Oscillating Model Results..................... 234
8.2.2 Comparison of Velocity and Pressure Correlation ................................ 243
8.2.3 Reduced Velocity Dependence .............................................................. 246

CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS................................... 251
9.1 Conclusions ...................................................................................................... 251
9.2 Recommendations for Future Work................................................................. 254

APPENDIX A. PRESSURE MEASUREMENT PROCEDURES................................. 257
A.1 Pressure Transducers........................................................................................ 257
A.2 Static Pressure Calibration ............................................................................... 259
A.3 Dynamic Pressure Calibration.......................................................................... 262

A.3.1 Pressure Tubing Dynamical Response................................................... 262
A.3.2 Acceleration Response of Air Mass in Tubing...................................... 265
A.3.3 Electrical Noise Issues ........................................................................... 273

APPENDIX B. VELOCITY MEASUREMENT PROCEDURES ................................. 275
B.1 Description of Hardware .................................................................................. 275
B.2 Description of Calibration and Measurement Procedures................................ 276



v

APPENDIX C. DIGITAL SIGNAL PROCESSING TECHNIQUES............................. 279
C.1 Statistical Estimates ......................................................................................... 279
C.2 Spectral Estimates ............................................................................................ 280
C.3 Correlation Estimates ....................................................................................... 284
C.4 Coherence Estimates ........................................................................................ 287

APPENDIX D. UNCERTAINTY ANALYSIS .............................................................. 289
D.1 Voltage Measurement Uncertainty................................................................... 290
D.2 Calibration Uncertainty .................................................................................... 292
D.3 Uncertainty Propagation into Derived Quantities ............................................ 295

REFERENCES................................................................................................................ 301



vi

LIST OF FIGURES

1-1 Schematic illustration of vortex structures forming from shear layers separating
from the leading and trailing edges of a rectangular cross section....................... 6

1-2 Model of the cross section of a streamlined bridge deck with two degrees of
freedom—one for heaving and one for torsion. ................................................... 7

1-3 Plot of *
2A  for two bridge deck sections and an airfoil illustrating how cross

section shape can affect aerodynamic damping through this coefficient (Data
from Scanlan & Tomko, 1971). ......................................................................... 14

1-4 First and second mode shapes of the Great Belt East Bridge (Denmark) in the
swaying, bending, and twisting directions (from Larsen & Jacobsen, 1992)..... 16

1-5 Flutter derivative *
2A  from the simulated trussed deck section model of Scanlan

& Lin (1978). The section model is shown in the inset. .................................... 24
1-6 Flutter derivative *

2A  of the Golden Gate deck section in flows generated by the
neutral and low-pass modes of Huston’s (1986) active turbulence generation
mechanism.......................................................................................................... 26

1-7 Flutter derivative *
2A  for the Great Belt East Bridge deck section taken from the

taut-strip model test results of Larose et al. (1993). The deck model’s cross
section is shown in the inset............................................................................... 27

1-8 RMS response of a full bridge model of the Lions’ Gate Bridge in both smooth
and turbulent flow. The critical flutter velocity predicted from section model test
results is also shown (from Scanlan & Wardlaw, 1978). ................................... 28

2-1 Illustration of the definitions of pressure amplitude, ( )xCp
* , and pressure phase,

( )xψ , with respect to the body oscillation. ........................................................ 40
2-2 Schematic illustration of flow separation and the resulting pressure field around

a bluff body with rectangular cross section........................................................ 43
2-3 Streamwise distribution of mean pressure coefficient for smooth and turbulent

flows about a blunt flat plate with “infinite” afterbody (from Li & Melbourne,
1995)................................................................................................................... 48

2-4 Streamwise distribution of rms pressure coefficient for turbulent flows about a
blunt flat plate with “infinite” afterbody. ........................................................... 48

2-5 Reattachment length versus longitudinal turbulence intensity for a blunt flat
plate. ................................................................................................................... 50



vii

3-1 Top view schematic diagram of the atmospheric wind tunnel (dimensions are to
scale)................................................................................................................... 54

3-2 Diagram showing the layout of pressure taps on the surface of the model. ....... 55
3-3 Photograph of the upper surface of the model. Through the upper surface, the

pressure taps, pressure transducers, and all associated wiring is visible............ 56
3-4 Diagram of pressure model cross section showing streamwise placement of

pressure taps. ...................................................................................................... 57
3-5 Schematic diagram of mechanisms for pitching and plunging the section model.59
3-6 Picture of pressure model mounted on its motion driving mechanisms in the

atmospheric wind tunnel. ................................................................................... 59
3-7 Torsional oscillation amplitude versus reduced velocity. .................................. 61
3-8 Schematic diagram of the data acquisition system including the 72-channel

sample and hold equipment and the PC-based data acquisition card................. 62
3-9 Top view schematic diagram of the traverse mechanism for hot film probes set

up for horizontal traverses in the wind tunnel.................................................... 65

4-1 Vertical profiles of mean longitudinal velocity in smooth flow at various lateral
distances from the center of the tunnel............................................................... 70

4-2 Vertical profiles of longitudinal turbulence intensity in smooth flow at various
lateral distances from the center of the tunnel.................................................... 71

4-3 Spanwise profile of mean longitudinal velocity for smooth flow ...................... 71
4-4 Spanwise profile of mean longitudinal velocity for turbulent flows with

turbulence intensity of 6%.................................................................................. 72
4-5 Spanwise profile of mean longitudinal velocity for turbulent flows with

turbulence intensity of 12%................................................................................ 72
4-6 Spanwise profile of mean flow angle for smooth flow ...................................... 73
4-7 Spanwise profiles of mean flow angle for turbulent flows with turbulence

intensity of 6%.................................................................................................... 73
4-8 Spanwise profiles of mean flow angle for turbulent flows with turbulence

intensity of 12%.................................................................................................. 74
4-9 Spanwise profile of turbulence intensity for smooth flow ................................. 74
4-10 Spanwise profiles of longitudinal turbulence intensity for all turbulent

flows................................................................................................................... 75
4-11 Spanwise profiles of vertical turbulence intensity for all turbulent flows.......... 75
4-12 Spanwise profiles of longitudinal integral scale for each turbulent flow........... 76
4-13 Spanwise profiles of vertical integral scale for each turbulent flow .................. 76
4-14 Power spectral density plots of the u velocity component for the Case 6

flows. .................................................................................................................. 78
4-15 Power spectral density plots of the u velocity component for the Case 12

flows. .................................................................................................................. 78
4-16 Power spectral density plots of the w velocity component for the Case 6

flows. .................................................................................................................. 79
4-17 Power spectral density plots of the w velocity component for the Case 12

flows. .................................................................................................................. 79



viii

4-18 Streamwise correlation coefficients for u -components of flows with 6%
turbulence intensity. ........................................................................................... 81

4-19 Streamwise correlation coefficients for u -components of flows with 12%
turbulence intensity. ........................................................................................... 82

4-20 Streamwise correlation coefficients for w -components of flows with 6%
turbulence intensity. ........................................................................................... 82

4-21 Streamwise correlation coefficients for w -components of flows with 12%
turbulence intensity. ........................................................................................... 83

4-22 Spanwise correlation coefficients with exponential curve fits for u-components
of flows with 6% turbulence intensity................................................................ 83

4-23 Spanwise correlation coefficients with exponential curve fits for u-components
of flows with 12% turbulence intensity.............................................................. 84

4-24 Spanwise correlation coefficients with exponential curve fits for w-components
of flows with 6% turbulence intensity................................................................ 84

4-25 Spanwise correlation coefficients with exponential curve fits for w-components
of flows with 12% turbulence intensity.............................................................. 85

5-1 Spanwise distributions of mean pressure coefficients at two streamwise
locations, 11.0=Bx  and 79.0=Bx ............................................................... 88

5-2 Spanwise distributions of RMS pressure coefficients at two streamwise
locations, 11.0=Bx  and 79.0=Bx ............................................................... 89

5-3 Streamwise distribution of RMS pressures for upper and lower surfaces at the
model centerline measured to set the reference angle of attack. ........................ 90

5-4 Streamwise distributions of RMS pressure fluctuations compared with data from
the literature........................................................................................................ 91

5-5 Mean pressure distributions for a stationary model in all flow cases................. 95
5-6 RMS pressure distributions for a stationary model in all flow cases. ................ 95
5-7 Peak pressure distribution for a stationary model in all flow cases. .................. 96
5-8 Skewness coefficient distribution for a stationary model in all flow cases........ 96
5-9 Kurtosis coefficient distribution for a stationary model in all flow cases.......... 97
5-10 Power spectral densities for pressure signals on a stationary body in smooth

flow................................................................................................................... 101
5-11 Power spectral densities for pressure signals on a stationary body in Case 6a

flow................................................................................................................... 102
5-12 Power spectral densities for pressure signals on a stationary body in Case 6b

flow................................................................................................................... 103
5-13 Power spectral densities for pressure signals on a stationary body in Case 12a

flow................................................................................................................... 104
5-14 Power spectral densities for pressure signals on a stationary body in Case 12b

flow................................................................................................................... 105

6-1 Lift force spectra in smooth flow for both stationary and 1.3=rU  tests
(stationary results shaded). ............................................................................... 114



ix

6-2 Lift force spectra in smooth flow for both stationary and 8=rU  tests (stationary
results shaded). ................................................................................................. 114

6-3 Lift force spectra in smooth flow for both stationary and 20=rU  tests
(stationary results shaded). ............................................................................... 115

6-4 Moment spectra in smooth flow for both stationary and 1.3=rU  tests
(stationary results shaded). ............................................................................... 115

6-5 Moment spectra in smooth flow for both stationary and 8=rU  tests (stationary
results shaded). ................................................................................................. 116

6-6 Moment spectra in smooth flow for both stationary and 20=rU  tests
(stationary results shaded). ............................................................................... 116

6-7 Lift force spectra for %6=uI  for both stationary and 1.3=rU  tests (stationary

results shaded). ................................................................................................. 117
6-8 Lift force spectra for %12=uI  for both stationary and 1.3=rU  tests (stationary

results shaded). ................................................................................................. 117
6-9 Moment spectra for %6=uI  for both stationary and 1.3=rU  tests (stationary

results shaded). ................................................................................................. 118
6-10 Moment spectra for %12=uI  for both stationary and 1.3=rU  tests (stationary

results shaded). ................................................................................................. 118
6-11 Lift force spectra for %6=uI  for both stationary and 8=rU  tests (stationary

results shaded). ................................................................................................. 119
6-12 Lift force spectra for %12=uI  for both stationary and 8=rU  tests (stationary

results shaded). ................................................................................................. 119
6-13 Moment spectra for %6=uI  for both stationary and 8=rU  tests (stationary

results shaded). ................................................................................................. 120
6-14 Moment spectra for %12=uI  for both stationary and 8=rU  tests (stationary

results shaded). ................................................................................................. 120
6-15 Lift force spectra for %6=uI  for both stationary and 20=rU  tests (stationary

results shaded). ................................................................................................. 121
6-16 Lift force spectra for %12=uI  for both stationary and 20=rU  tests (stationary

results shaded). ................................................................................................. 121
6-17 Moment spectra for %6=uI  for both stationary and 20=rU  tests (stationary

results shaded). ................................................................................................. 122
6-18 Moment spectra for %12=uI  for both stationary and 20=rU  tests (stationary

results shaded). ................................................................................................. 122
6-19 RMS lift coefficient versus reduced velocity. Stationary model results are

presented on the far right.................................................................................. 123
6-20 RMS moment coefficient versus reduced velocity. Stationary model results are

presented on the far right.................................................................................. 123
6-21 Relative differences between RMS lift coefficient for stationary (S) and the

buffeting lift component (B) of the oscillating model tests.............................. 124



x

6-22 Relative differences between RMS moment coefficient for stationary (S) and the
buffeting moment component (B) of the oscillating model tests. .................... 124

6-23 Power spectral density functions for pressure signals in smooth flow for both
stationary and 1.3=rU  tests (stationary results shaded)................................. 125

6-24 Power spectral density functions for pressure signals in Case 6a flow for both
stationary and 1.3=rU  tests (stationary results shaded)................................. 126

6-25 Power spectral density functions for pressure signals in Case 6b flow for both
stationary and 1.3=rU  tests (stationary results shaded)................................. 127

6-26 Power spectral density functions for pressure signals in Case 12a flow for both
stationary and 1.3=rU  tests (stationary results shaded)................................. 128

6-27 Power spectral density functions for pressure signals in Case 12b flow for both
stationary and 1.3=rU  tests (stationary results shaded)................................. 129

6-28 Power spectral density functions for pressure signals in smooth flow for both
stationary and 8=rU  tests (stationary results shaded).................................... 130

6-29 Power spectral density functions for pressure signals in Case 6a flow for both
stationary and 8=rU  tests (stationary results shaded).................................... 131

6-30 Power spectral density functions for pressure signals in Case 6b flow for both
stationary and 8=rU  tests (stationary results shaded).................................... 132

6-31 Power spectral density functions for pressure signals in Case 12a flow for both
stationary and 8=rU  tests (stationary results shaded).................................... 133

6-32 Power spectral density functions for pressure signals in Case 12b flow for both
stationary and 8=rU  tests (stationary results shaded).................................... 134

6-33 Power spectral density functions for pressure signals in smooth flow for both
stationary and 20=rU  tests (stationary results shaded).................................. 135

6-34 Power spectral density functions for pressure signals in Case 6a flow for both
stationary and 20=rU  tests (stationary results shaded).................................. 136

6-35 Power spectral density functions for pressure signals in Case 6b flow for both
stationary and 20=rU  tests (stationary results shaded).................................. 137

6-36 Power spectral density functions for pressure signals in Case 12a flow for both
stationary and 20=rU  tests (stationary results shaded).................................. 138

6-37 Power spectral density functions for pressure signals in Case 12b flow for both
stationary and 20=rU  tests (stationary results shaded).................................. 139

6-38 Example power spectral density functions for pressure signals at Bx 012.0=  for
stationary and oscillating model tests............................................................... 141

6-39 Pressure amplitude distributions for a reduced velocity of 3.1. ....................... 143
6-40 Pressure amplitude distributions for a reduced velocity of 8. .......................... 144
6-41 Pressure amplitude distributions for a reduced velocity of 20. ........................ 144
6-42 Pressure amplitude distributions at a reduced velocity of 3.1 in Case 6 flows

(error bars represent 95% confidence intervals)............................................... 145
6-43 Pressure amplitude distributions at a reduced velocity of 3.1 in Case 12 flows

(error bars represent 95% confidence intervals)............................................... 145



xi

6-44 Pressure amplitude distributions at a reduced velocity of 8 in Case 6 flows (error
bars represent 95% confidence intervals)......................................................... 146

6-45 Pressure amplitude distributions at a reduced velocity of 8 in Case 12 flows
(error bars represent 95% confidence intervals)............................................... 146

6-46 Pressure amplitude distributions at a reduced velocity of 20 in Case 6 flows
(error bars represent 95% confidence intervals)............................................... 147

6-47 Pressure amplitude distributions at a reduced velocity of 20 in Case 12 flows
(error bars represent 95% confidence intervals)............................................... 147

6-48 Pressure phase distributions in smooth flow and small-scale turbulent flows at a
reduced velocity of 3.1. .................................................................................... 149

6-49 Pressure phase distributions in smooth flow and small-scale turbulent flows at a
reduced velocity of 8. ....................................................................................... 150

6-50 Pressure phase distributions in smooth flow and small-scale turbulent flows at a
reduced velocity of 20. ..................................................................................... 150

6-51 Pressure phase distributions for 1.3=rU  and %6=uI  showing the effect of

changing scales (error bars represent 95% confidence intervals)..................... 151
6-52 Pressure phase distributions for 1.3=rU  and %12=uI  showing the effect of

changing scales (error bars represent 95% confidence intervals)..................... 151
6-53 Pressure phase distributions for 8=rU  and %6=uI  showing the effect of

changing scales (error bars represent 95% confidence intervals)..................... 152
6-54 Pressure phase distributions for 8=rU  and %12=uI  showing the effect of

changing scales (error bars represent 95% confidence intervals)..................... 152
6-55 Pressure phase distributions for 20=rU  and %6=uI  showing the effect of

changing scales (error bars represent 95% confidence intervals)..................... 153
6-56 Pressure phase distributions for 20=rU  and %12=uI  showing the effect of

changing scales (error bars represent 95% confidence intervals)..................... 153
6-57 Flutter derivative *

2A  in smooth and turbulent flow. ....................................... 155

6-58 Flutter derivative *
3A  for smooth and turbulent flow. ...................................... 156

6-59 Flutter derivative *
2H  in smooth and turbulent flow........................................ 156

6-60 Flutter derivative *
3H  in smooth and turbulent flow........................................ 157

6-61 Lift admittance functions for %6=uI  for both stationary and 1.3=rU  tests

(stationary results shaded). ............................................................................... 160
6-62 Lift admittance functions for %12=uI  for both stationary and 1.3=rU  tests

(stationary results shaded). ............................................................................... 160
6-63 Moment admittance functions for %6=uI  for both stationary and 1.3=rU

tests (stationary results shaded). ....................................................................... 161
6-64 Moment admittance functions for %12=uI  for both stationary and 1.3=rU

tests (stationary results shaded). ....................................................................... 161
6-65 Lift admittance functions for %6=uI  for both stationary and 8=rU  tests

(stationary results shaded). ............................................................................... 162



xii

6-66 Lift admittance functions for %12=uI  for both stationary and 8=rU  tests

(stationary results shaded). ............................................................................... 162
6-67 Moment admittance functions for %6=uI  for both stationary and 8=rU  tests

(stationary results shaded). ............................................................................... 163
6-68 Moment admittance functions for %12=uI  for both stationary and 8=rU  tests

(stationary results shaded). ............................................................................... 163
6-69 Lift admittance functions for %6=uI  for both stationary and 20=rU  tests

(stationary results shaded). ............................................................................... 164
6-70 Lift admittance functions for %12=uI  for both stationary and 20=rU  tests

(stationary results shaded). ............................................................................... 164
6-71 Moment admittance functions for %6=uI  for both stationary and 20=rU

tests (stationary results shaded). ....................................................................... 165
6-72 Moment admittance functions for %12=uI  for both stationary and 20=rU

tests (stationary results shaded). ....................................................................... 165
6-73 RMS pressure distributions for model oscillating at 1.3=rU  in each flow

case. .................................................................................................................. 169
6-74 Stationary model RMS pressure values (Stat) and oscillating model RMS values

with peak content subtracted (B) for small-scale turbulence at 1.3=rU ........ 169
6-75 Stationary model RMS pressure values (Stat) and oscillating model RMS values

with peak content subtracted (B) for large-scale turbulence at 1.3=rU ......... 170

6-76 RMS pressure distributions for model oscillating at 8=rU  in each flow
case. .................................................................................................................. 170

6-77 Stationary model RMS pressure values (Stat) and oscillating model RMS values
with peak content subtracted (B) for small-scale turbulence at 8=rU . ......... 171

6-78 Stationary model RMS pressure values (Stat) and oscillating model RMS values
with peak content subtracted (B) for large-scale turbulence at 8=rU . .......... 171

6-79 RMS pressure distributions for model oscillating at 20=rU  in each flow
case. .................................................................................................................. 172

6-80 Stationary model RMS pressure values (Stat) and oscillating model RMS values
with peak content subtracted (B) for small-scale turbulence at 20=rU . ....... 172

6-81 Stationary model RMS pressure values (Stat) and oscillating model RMS values
with peak content subtracted (B) for large-scale turbulence at 20=rU . ........ 173

6-82 Peak pressure distributions for model oscillating at 1.3=rU  in each
flow case........................................................................................................... 173

6-83 Peak pressure distributions for model oscillating at 8=rU  in each flow
case. .................................................................................................................. 174

6-84 Peak pressure distributions for model oscillating at 20=rU  in each flow
case. .................................................................................................................. 174

6-85 Skewness coefficient distributions for model oscillating at 1.3=rU  in each
flow case........................................................................................................... 175



xiii

6-86 Skewness coefficient distributions for model oscillating at 8=rU  in each flow
case. .................................................................................................................. 175

6-87 Skewness coefficient distributions for model oscillating at 20=rU  in each flow
case. .................................................................................................................. 176

6-88 Kurtosis coefficient distributions for model oscillating at 1.3=rU  in each flow
case. .................................................................................................................. 176

6-89 Kurtosis coefficient distributions for model oscillating at 8=rU  in each flow
case. .................................................................................................................. 177

6-90 Kurtosis coefficient distributions for model oscillating at 20=rU  in each flow
case. .................................................................................................................. 177

7-1 Cross correlation and coherence were calculated between lift functions at two
different spanwise locations as shown in the diagram above........................... 179

7-2 Maximum cross correlation coefficient values for lift on a stationary
model................................................................................................................ 182

7-3 Maximum cross correlation coefficient values for moment on a stationary
model................................................................................................................ 182

7-4 Coherence functions for lift on a stationary model in the Case 6 turbulent flows
at several different spanwise separations (‘+’ Case 6a; ‘o’ Case 6b)............... 183

7-5 Coherence functions for moment on a stationary model in the Case 6 turbulent
flows at several different spanwise separations (‘+’ Case 6a;
‘o’ Case 6b). ..................................................................................................... 184

7-6 Coherence functions for lift on a stationary model in the Case 12 turbulent flows
at several different spanwise separations (‘+’ Case 12a;
‘o’ Case 12b). ................................................................................................... 184

7-7 Coherence functions for moment on a stationary model in the Case 12 turbulent
flows at several different spanwise separations (‘+’ Case 12a;
‘o’ Case 12b). ................................................................................................... 185

7-8 Cross correlations were calculated between individual pressure signals at each
streamwise location for various spanwise separations as shown in the diagram
above. ............................................................................................................... 187

7-9 Pressure correlation functions for pressure taps 1-4 on a stationary model (‘+’
Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)...................................... 188

7-10 Pressure correlation functions for pressure taps 5-8 on a stationary model (‘+’
Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)...................................... 188

7-11 Pressure correlation functions for pressure taps 9-12 on a stationary model (‘+’
Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)...................................... 189

7-12 Pressure correlation functions for pressure taps 13-16 on a stationary model (‘+’
Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)...................................... 189

7-13 Spanwise correlation scales as a function of streamwise position for the
stationary model in each of the four turbulent flows........................................ 190

7-14 Cross correlation coefficient for lift for Ur=3.1 in smooth and turbulent
flows. ................................................................................................................ 195



xiv

7-15 Cross correlation coefficient for lift for Ur=8 in smooth and turbulent
flows. ................................................................................................................ 196

7-16 Cross correlation coefficient for lift for Ur=20 in smooth and turbulent
flows. ................................................................................................................ 196

7-17 Spanwise lift correlation scale as a function of reduced velocity..................... 197
7-18 Cross correlation coefficient for moment for Ur=3.1 in smooth and turbulent

flows. ................................................................................................................ 197
7-19 Cross correlation coefficient for moment for Ur=8 in smooth and turbulent

flows. ................................................................................................................ 198
7-20 Cross correlation coefficient for moment for Ur=20 in smooth and turbulent

flows. ................................................................................................................ 198
7-21 Spanwise moment correlation scale as a function of reduced velocity. ........... 199
7-22 Coherence of lift at Ur=3.1 in Case 6 flows for various spanwise separations

(‘+’ Case 6a stationary; ‘- -’ Case 6a oscillating; ‘o’ Case 6b stationary; ‘—’
Case 6b oscillating). ......................................................................................... 199

7-23 Coherence of lift at Ur=8 in Case 6 flows for various spanwise separations (‘+’
Case 6a stationary; ‘- -’ Case 6a oscillating; ‘o’ Case 6b stationary; ‘—’ Case 6b
oscillating)........................................................................................................ 200

7-24 Coherence of lift at Ur=20 in Case 6 flows for various spanwise separations (‘+’
Case 6a stationary; ‘- -’ Case 6a oscillating; ‘o’ Case 6b stationary; ‘—’ Case 6b
oscillating)........................................................................................................ 200

7-25 Coherence of lift at Ur=3.1 in Case 12 flows for various spanwise separations
(‘+’ Case 12a stationary; ‘- -’ Case 12a oscillating; ‘o’ Case 12b stationary; ‘—’
Case 12b oscillating). ....................................................................................... 201

7-26 Coherence of lift at Ur=8 in Case 12 flows for various spanwise separations (‘+’
Case 12a stationary; ‘- -’ Case 12a oscillating; ‘o’ Case 12b stationary; ‘—’
Case 12b oscillating). ....................................................................................... 201

7-27 Coherence of lift at Ur=20 in Case 12 flows for various spanwise separations
(‘+’ Case 12a stationary; ‘- -’ Case 12a oscillating; ‘o’ Case 12b stationary; ‘—’
Case 12b oscillating). ....................................................................................... 202

7-28 Coherence of moment at Ur=3.1 in Case 6 flows for various spanwise
separations (‘+’ Case 6a stationary; ‘- -’ Case 6a oscillating; ‘o’ Case 6b
stationary; ‘—’ Case 6b oscillating)................................................................. 202

7-29 Coherence of moment at Ur=8 in Case 6 flows for various spanwise separations
(‘+’ Case 6a stationary; ‘- -’ Case 6a oscillating; ‘o’ Case 6b stationary; ‘—’
Case 6b oscillating). ......................................................................................... 203

7-30 Coherence of moment at Ur=20 in Case 6 flows for various spanwise
separations (‘+’ Case 6a stationary; ‘- -’ Case 6a oscillating; ‘o’ Case 6b
stationary; ‘—’ Case 6b oscillating)................................................................. 203

7-31 Coherence of moment at Ur=3.1 in Case 12 flows for various spanwise
separations (‘+’ Case 12a stationary; ‘- -’ Case 12a oscillating; ‘o’ Case 12b
stationary; ‘—’ Case 12b oscillating)............................................................... 204

7-32 Coherence of moment at Ur=8 in Case 12 flows for various spanwise
separations (‘+’ Case 12a stationary; ‘- -’ Case 12a oscillating; ‘o’ Case 12b
stationary; ‘—’ Case 12b oscillating)............................................................... 204



xv

7-33 Coherence of moment at Ur=20 in Case 12 flows for various spanwise
separations (‘+’ Case 12a stationary; ‘- -’ Case 12a oscillating; ‘o’ Case 12b
stationary; ‘—’ Case 12b oscillating)............................................................... 205

7-34 Coherence of lift at fm for Ur=3.1 in smooth and turbulent flows. ................... 205
7-35 Coherence of lift at fm for Ur=8 in smooth and turbulent flows. ...................... 206
7-36 Coherence of lift at fm for Ur=20 in smooth and turbulent flows. .................... 206
7-37 Coherence of moment at fm for Ur=3.1 in smooth and turbulent flows............ 207
7-38 Coherence of moment at fm for Ur=8 in smooth and turbulent flows............... 207
7-39 Coherence of moment at fm for Ur=20 in smooth and turbulent flows............. 208
7-40 Pressure correlation functions for pressure taps 1-4 at Ur=3.1 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 211
7-41 Pressure correlation functions for pressure taps 5-8 at Ur=3.1 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 211
7-42 Pressure correlation functions for pressure taps 9-12 at Ur=3.1 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 212
7-43 Pressure correlation functions for pressure taps 13-16 at Ur=3.1 (‘o’ smooth

flow; ‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’) ...................... 212
7-44 Spanwise pressure correlation scale, pyL , as a function of streamwise position

for each turbulent flow case at 1.3=rU .......................................................... 213
7-45 Pressure correlation functions for pressure taps 1-4 at Ur=8 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 213
7-46 Pressure correlation functions for pressure taps 5-8 at Ur=8 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 214
7-47 Pressure correlation functions for pressure taps 9-12 at Ur=8 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 214
7-48 Pressure correlation functions for pressure taps 13-16 at Ur=8 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 215
7-49 Spanwise pressure correlation scale, pyL , as a function of streamwise position

for each turbulent flow case at 8=rU . ........................................................... 215
7-50 Pressure correlation functions for pressure taps 1-4 at Ur=20 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 216
7-51 Pressure correlation functions for pressure taps 5-8 at Ur=20 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 216
7-52 Pressure correlation functions for pressure taps 9-12 at Ur=20 (‘o’ smooth flow;

‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’)................................ 217
7-53 Pressure correlation functions for pressure taps 13-16 at Ur=20 (‘o’ smooth

flow; ‘+’ Case 6a; ‘- -’ Case 6b; ‘x’ Case 12a; ‘—’ Case 12b’) ...................... 217
7-54 Spanwise pressure correlation scale, pyL , as a function of streamwise position

for each turbulent flow case at 20=rU . ......................................................... 218

8-1 Pressure phase distributions for smooth flow and small-scale turbulent flows at
a reduced velocity of 20. .................................................................................. 221



xvi

8-2 Schematic diagram labeling different regimes in the pressure phase diagrams.
These regimes include regions of near-constant phase, rapidly-changing phase,
and slowly-changing phase............................................................................... 221

8-3 Schematic diagram illustrating the concept of the body motion time scale. .... 224
8-4 Pressure phase distributions for smooth and turbulent flows including phase

estimated from both convection and oscillation frequency time
scales ( 20=rU ). .............................................................................................. 224

8-5 Pressure phase distributions for smooth turbulent flows including phase
estimated from both convection and oscillation frequency time scales
( 1.3=rU ). ........................................................................................................ 225

8-6 Pressure amplitude and phase distributions for the Case 12 flows
at 20=rU . ....................................................................................................... 225

8-7 *
2A  versus reduced velocity for smooth and turbulent flow cases from this study

compared with smooth flow values for different DB  ratios (“M96” refers to
Matsumoto, 1996). ........................................................................................... 227

8-8 ( ) ( )( )xxCp ψsin*  plotted versus streamwise position for various reduced

velocities in smooth flow. ................................................................................ 227
8-9 ( ) ( )( )xxCp ψsin*  plotted versus streamwise position for all flow cases

at 8=rU . ......................................................................................................... 229
8-10 Comparison of pressure phase values in turbulent flow for the current model

with 67.6=DB  with values in smooth flow for a model with a longer

afterbody ( 5.12=DB ).................................................................................... 230

8-11 ( ) ( )( )xxCp ψcos*  plotted versus streamwise position for all flow cases at

20=rU . ........................................................................................................... 233

8-12 Plots of the total, self-excited, and buffeting components of lift for 20=rU  in
Case 6a flow. .................................................................................................... 236

8-13 Cross correlation functions for the total, self-excited, and buffeting components
of lift for 20=rU  in Case 12b flow at a separation of By 2.1=∆ . ................. 237

8-14 Cross correlation coefficients ( 0=τ ) of stationary model lift (Stat) and of the
buffeting components (B) of lift with the model oscillating at 1.3=rU . ....... 239

8-15 Cross correlation coefficients ( 0=τ ) of stationary model lift (Stat) and of the
buffeting components (B) of lift with the model oscillating at 8=rU . .......... 239

8-16 Cross correlation coefficients ( 0=τ ) of stationary model lift (Stat) and of the
buffeting components (B) of lift with the model oscillating at 20=rU . ........ 240

8-17 Cross correlation coefficients ( 0=τ ) of stationary model moment (Stat) and of
the buffeting components (B) of moment with the model oscillating
at 1.3=rU ........................................................................................................ 240

8-18 Cross correlation coefficients ( 0=τ ) of stationary model moment (Stat) and of
the buffeting components (B) of moment with the model oscillating
at 8=rU . ......................................................................................................... 241



xvii

8-19 Cross correlation coefficients ( 0=τ ) of stationary model moment (Stat) and of
the buffeting components (B) of moment with the model oscillating
at 20=rU . ....................................................................................................... 241

8-20 Cross correlation coefficients ( 0=τ ) of the self-excited components (se) of lift
with the model oscillating at 20=rU . ............................................................ 243

8-21 Spanwise correlation, in Case 6 flows, for both the w  component of velocity
and the buffeting component of lift for 8=rU . ............................................... 245

8-22 Spanwise correlation, in Case 12 flows, for both the w  component of velocity
and the buffeting component of lift for 8=rU . ............................................... 245

8-23 Normalized cross correlation coefficients for lift at a spanwise separation of
By 8.1=∆ ......................................................................................................... 250

8-24 Normalized cross correlation coefficients for moment at a spanwise separation
of By 8.1=∆ ..................................................................................................... 250

A-1 Schematic diagram of the connectors used for connecting the plastic tubing to
both the pressure taps on the surface of the model and the pressure transducers
themselves. ....................................................................................................... 259

A-2 Setup for static calibration of pressure transducers.......................................... 260
A-3 Illustrative example of calibration data set for transducer voltage versus

calibration pressure. ......................................................................................... 261
A-4 Shaker and speaker equipment used for dynamic calibration of

pressure system................................................................................................. 263
A-5 Pressure tubing frequency response function, ( )fH tubing , as acquired with the

swept-sine function approach........................................................................... 264
A-6 Simplified sketch of a model with a pressure tap and transducer separated by a

distance L and undergoing and acceleration a
v

. ............................................... 266
A-7 Schematic diagram showing an example placement of a pressure tap and its

corresponding transducer with an acceleration vector a
v

 between them.......... 268
A-8 Plot of pressure amplitude distributions as measured—uncorrected—and as

corrected for model acceleration effects........................................................... 270
A-9 Pressure phase distributions as measured—uncorrected—and as corrected for

model acceleration effects. ............................................................................... 270
A-10 Coherence at a given frequency as a function of the amplitude ratio of coherent

to incoherent signals at that frequency. ............................................................ 272

B-1 The X-probe calibration rig used to step through different angles of attack for a
range of velocities. ........................................................................................... 277

B-2 X-wire calibration surface for the u -component of velocity as a function of 1E

and 2E .............................................................................................................. 278
B-3 X-wire calibration surface for the w -component of velocity as a function of

voltages 1E  and 2E .......................................................................................... 278



xviii

C-1 Plot of a sample pressure PSD highlighting the bins integrated to calculated the
signal’s amplitude. ........................................................................................... 283

C-2 Plot of an angle signal and pressure signal to illustrate the calculation of the
phase from a cross correlation between them. ................................................. 286

C-3 Cross correlation function for the signals shown in Figure C-1 to illustrate the
location of the peak and its associated time lag, pτ ......................................... 287



xix

NOMENCLATURE

Alphabetical Symbols

*
iA Flutter derivatives related to unsteady moment

B Streamwise dimension of model, also referred to as “bridge deck width”

xB Bias error of the quantity, x

b Half the bridge deck width

pC Pressure coefficient

pC Mean pressure coefficient

pC ′ RMS pressure coefficient

pC ˆ Peak pressure coefficient
*
pC Amplitude of pressure coefficient
*

apC Amplitude of pressure coefficient induced by tubing acceleration
*

mpC Amplitude of pressure coefficient measured by pressure transducer

D Vertical dimension of model
t∆ ,dt Time step between data acquisition cycles

E Voltage from a straight-wire/straight-film probe

1E , 2E Pair of voltages from an X-wire/X-film probe

hf Vertical oscillation frequency of model

αf Torsional oscillation frequency of model

flapF Frequency (Hz) associated with the “flapping” of the separated/reattaching

shear layer

shedF Frequency (Hz) corresponding to the shedding of structures from a

separation bubble

xxG Power spectral density of variable x

h Maximum height of the separation bubble
( )th Vertical displacement of a bridge deck as a function of time

*
iH Flutter derivatives related to unsteady lift

( )fHtubing Frequency response function of pressure tubing

iI Turbulence intensity for the ith component of velocity fluctuation

K Reduced frequency

uK Kurtosis coefficient



xx

L Spanwise dimension of model, also total lift per unit span

ijL The integral scale of the ith-component of velocity fluctuation in the jth-

direction.

LyL Spanwise (the “y” direction) correlation scale of lift, L. Lift, L, can be

replaced by moment, M, or pressure, p.

sLyL Same as LyL  but values are for stationary model tests.

M Total moment per unit span
( )fPraw Fourier transform of )(tpraw

xP Precision error of the quantity, x

ambp Ambient pressure measured by the barometer in the laboratory

)(tpraw Time series of pressure before any correction for tubing dynamics

staticp Static pressure

totalp Total pressure
*p Amplitude of pressure fluctuation

q Dynamic pressure
R Gas constant for air

iS Small-scale spectral density parameter for ith component of velocity

kS Skewness coefficient

T Ambient temperature measured by thermometer in the laboratory
U Mean velocity in the streamwise direction

rU Reduced velocity, defined as BfUU hr =  or BfUUr α=

sU Separation velocity

u Longitudinal component of velocity fluctuation

xu Uncertainty of the quantity, x

v Lateral component of velocity fluctuation
w Vertical component of velocity fluctuation

RMSx Root mean square value of the quantity x

kX Output of FFT algorithm performed on ( )tx

( )kfX Fourier transform of ( )tx  at discrete frequencies, kf

x Streamwise position

Rx Shear layer reattachment length
*x Non-dimensional streamwise position

Greek Symbols

( )tα Bridge deck angle of attack as a function of time

0α Amplitude of bridge deck angle of attack

Gα Geometric angle of attack—measured with protractor on model surface



xxi

y∆ Spanwise separation distance
ρ Air density
ψ Phase of pressure fluctuation

mψ Phase of pressure fluctuation measured by pressure transducer



xxii

ACKNOWLEDGEMENTS

I am sincerely grateful to my advisors, Dr. Ahsan Kareem and Dr. Albin A.

Szewczyk, for their guidance during this project. I was fortunate to have advisors with

complementary backgrounds. Dr. Kareem’s wind engineering and structural dynamics

experience and Dr. Szewczyk’s fluid mechanics experience combined to form a broad

foundation for the work. I thank Dr. Kareem for his high standards, for his honest

appraisal of my work, and for much-needed encouragement and timely compliments. I

greatly admire his ability to draw from a wide range of fields to address the task at hand,

and can only hope to emulate this in my career. I thank Dr. Szewczyk for his support and

encouragement, for his patience with the rigors of experimental research, for opening

opportunities for me in other projects in addition to my dissertation research, and for his

hospitality and kindness to my family and me.

I also thank my committee members Dr. Eric Jumper, Dr. Nicos Makris, and Dr.

Xinzhong Chen. The time and effort put into critiquing the material, arranging schedules,

and in the case of Dr. Makris, travelling, are much appreciated. Dr. Chen is worthy of

special thanks for his helpful critique of my research over the past two years. I have

learned a great deal from him, and I thank him for patiently sharing his bridge

aerodynamics experience with me.

I thank Joel Preston, Mike Swadener, and Marilyn Walker of the Hessert Center

for Aerospace Research for countless hours of help with the designs, the paperwork, the



xxiii

orders, the construction, and the troubleshooting that go along with experiments and with

graduate school.

The support of a family allows people to reach beyond themselves, take risks, and

accomplish goals. I am deeply aware of this foundation in my life. In this regard, I thank

my wife, Julie, for her seemingly tireless support and for her patience throughout the

many ups and downs of this project. I thank my children, Katie and Lucas, for loving me

just for being Daddy. I also thank my extended family, both the Haans and the Koemans,

for years of encouragement, phone calls, email, cards, visits, and vacations.

My enjoyment of graduate school has been due in no small part to the community

I have found here. This includes many great people at the South Bend Christian Reformed

Church. For their prayers, their love of me and my family, and their help in so many ways

I am truly grateful. In addition to friends from church, this community also includes many

fellow graduate students: Randy Heinig, Mike Rea, Xinyu Li, Rob Minnitti, Mike Fabian,

Rich Sellar, Chris Sullivan, Mark Ellison, Elgin Anderson, Denis Lynch, Ed Fitzgerald,

and John Wojno. I thank them for friendship, for technical help, and for commiseration

and diversion.

For the encouragement of many other friends, I am truly grateful. In particular, to

Dale Eizenga, for his most remarkable knack for giving me perspective, for his steadfast

prayer, and for his enduring friendship, I offer my humble thanks.

I also gratefully acknowledge my sponsors, the Department of Aerospace and

Mechanical Engineering, the University of Notre Dame, and the National Science

Foundation through grants CMS 95-03779 and CMS 95-22145.



1

CHAPTER 1.   INTRODUCTION

Atmospheric flows are turbulent. Any study of wind-induced vibration problems

must confront this issue either by matching turbulence characteristics completely or by

acknowledging uncertainty in conclusions as a result of imperfect simulations. Because

the former is for all practical purposes currently impossible, the latter must be understood

as fully as possible.

To introduce this study of turbulence effects on bridge aerodynamics, a summary

is provided of the importance of turbulence effects on different types of flow-induced

vibrations with specific attention to bridges. The scope will then be narrowed to look

specifically at flutter studies of long-span bridges. The motivation for the current work is

then described in a discussion of the state of current knowledge of the effects of

turbulence on long-span bridge flutter. Finally, a brief outline of the rest of the

dissertation is provided.

1.1 Turbulence and Flow-Induced Vibration

Wind-tunnel testing of bridge decks remains an integral component of long-span

bridge design because of the complexity of the flow-structure interactions. Matching

atmospheric conditions in a wind tunnel requires matching Reynolds numbers, turbulence

intensities, integral scales, spectral characteristics of the velocity fluctuations, shear,

anisotropy, etc. With atmospheric conditions producing turbulence scales ranging from
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0.5 to 10 times typical bridge deck widths (Simiu & Scanlan, 1986, Tuenissen, 1970; and

Counihan, 1975) and full-scale Reynolds numbers as much as three orders of magnitude

higher than that of test conditions, only a fraction of the turbulence characteristics can be

matched in a wind tunnel experiment. As a result, one must try to understand where

matching is a necessity and where it is an unnecessary because the essential details of the

flow are sufficiently captured. The high cost of simulating every turbulent parameter

motivates one to understand the effects of imperfect simulation.

Flow-induced vibration problems that must be understood in this turbulent

environment are often classified into three distinct types—buffeting, vortex-induced

vibration, and flutter. Turbulent buffeting refers to the random, unsteady pressures that a

body experiences due to the random, unsteady velocity fluctuations in a turbulent flow.

The reaction of the body is a direct result of unsteadiness in the incident flow. Vortex-

induced vibration results from the shedding of large-scale vortices into the wake of a

body at a specific frequency which—at certain velocities—coincides to some degree with

a natural frequency of the structure. The interaction of the shed vortices with the body is a

nonlinear vibration problem resulting in amplitudes potentially large enough to cause

damage. Flutter results from an interaction between the elastic behavior of a body and the

change in the aerodynamic pressures that this behavior affects. The elastic deformation

changes the aerodynamic pressures and vice versa—these pressure forces can be called

“motion-induced” or “self-excited” forces. Flutter is the term given the unstable

interaction scenario where oscillatory perturbations which would otherwise be attenuated

are amplified to damaging proportions.
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While each of these phenomena warrants investigation for any potential long-span

bridge deck design, the changes in the flutter problem—or more specifically, the changes

in the self-excited or “motion-induced” forces—resulting from turbulence in the incident

flow were the main focus of this study. Although the self-excited forces were the primary

focus, this work covered bridge aerodynamics as a whole. Therefore, measurements of

both flutter and buffeting forces were made and both were included in the overall

analysis. The next section provides a brief overview of aeroelastic analysis for long-span

bridges.

1.2 Flutter of Bluff Bodies/Bridges

Aeroelasticity and bluff-body aerodynamics blend together in the study of long-

span bridge aerodynamics. Engineering long suspension bridges to be stable in high

winds involves the elastic structural dynamics of a large structure, the bluff-body

aerodynamics of the bridge deck’s shape, and the interaction of these phenomena—i.e.

aeroelasticity. This section briefly summarizes the historical and mathematical

foundations of modern analysis of bridge aerodynamics.

Flutter is the unstable interaction of an elastic body with a fluid flow where energy

drawn from the flow increases the energy of the body’s oscillations. Under non-flutter

conditions, both structural and aerodynamic damping attenuate perturbations to a body’s

motion. When a critical flutter condition is reached (commonly just a minimum

freestream velocity), the aerodynamic forces that result from the body’s motion interact
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with the motion itself so as to cancel the structural damping and actually amplify the

oscillations.

Analytical methods of studying flutter were motivated by aircraft flutter problems

in the first part of the twentieth century. The early analytical formulations of motion-

induced forces provided a theoretical framework for later experimental efforts—including

those of bridge decks. The basis of these models was the use of infinitesimal sheets of

vorticity to model both the vorticity bound to the airfoil—modeled as a flat plate—and

that shed into its wake. Using this approach, several authors have derived the relationship

between an oscillating flat plate and the unsteady forces on it. Theodorsen’s 1935 paper is

often considered the foundation of flutter theory (for excellent summaries and derivations

of flutter theory, see Fung (1993), Dowell et al., 1995, and Bisplinghoff et al., 1996).

With plunging and pitching degrees of freedom represented as h  and α ,

respectively, the relationships for unsteady lift, L , and moment, M , took the form of

linear functions of h , α , and their first and second derivatives:

( )( )KChhhfL ,,,,,, &&&

&&& ααα=

( )( )KChhhgM ,,,,,, &&&

&&& ααα=

where ( )KC  is the Theodorsen circulation function and K  is the reduced frequency of

the oscillations. Reduced frequency is defined as UBK ω=  with ω  being the frequency

of oscillation, B  the deck width, and U  the freestream velocity. This analytical

relationship—when used in conjunction with the mechanical properties of the body—can

predict the mean flow speed at which flutter will occur. The most common approach to

these stability predictions is to study infinitesimal motions assuming that if small motions

(1-1)

(1-2)
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are stable, then large ones will be stable as well (for a good introduction, see Bisplinghoff

et al., 1996). Since large deformations are undesirable, it is commonly considered

sufficient to study small motions and ensure they are stable. Bringing a dynamic analysis

such as this to bear on long-span bridge design problems did not occur in earnest until

after the infamous collapse of the Tacoma Narrows Bridge in 1940.

Before the Tacoma Narrows failure, long-span bridges were designed with

primary consideration given to static wind loads. Appropriation of the tools, both

analytical and experimental, developed for studying aircraft flutter began seriously only

after this particular display of the significance of dynamic wind loading. While the images

of the steel and concrete of the Tacoma Narrows bridge twisting like a toy in the wind

have made its collapse the most famous in history, it was not the first bridge to suffer

such a fate. Unfortunately, a number of bridges in the nineteenth century failed due to

wind action without due change in subsequent bridge design practice (for examples, see

Steinman (1954), Scanlan & Wardlaw (1978)).

Scanlan (1993) provides a summary of the early attempts to study dynamic wind

loads on bridge decks. Efforts employing Theodorsen's flutter formulation proved

unsatisfactory because the separated flow experienced by many bridge decks made

Theodorsen's circulation function—derived for a thin airfoil with fully attached flow—

inapplicable. Most bridge decks can be classified as bluff bodies because of the separated

flow they experience over significant portions of their surface. Flow separation from a

bluff body is illustrated schematically in Figure 1-1. The figure shows shear layers

separating from the leading and trailing edges of a rectangular cross section. This highly

complex unsteady flow structure involves separated regions where large suction pressures



6

are generated, shear layers which may or may not reattach, and vortex-like structures that

shed from the leading and trailing edges. This flow scenario is further complicated by

interactions with body motion. Clearly, a thin-airfoil model and its accompanying

analytical tools are inadequate for this scenario.

Figure 1-1 Schematic illustration of vortex structures forming from shear layers
separating from the leading and trailing edges of a rectangular cross section.

To go beyond the thin airfoil model, Ukeguchi et al. (1966) and Sabzevari &

Scanlan (1968) et al. worked to find aerodynamic, motion-related coefficients for

sinusoidal motions of bridge decks in smooth flow. The contribution of Scanlan &

Tomko (1971), however, has become one of the most widely-used formulations for

modern bridge flutter analysis. With thin-airfoil theory as a basis, it is an analytical

framework that requires the use of empirical aerodynamic data to describe the complex

lift and moment generation mechanisms of separated flows over bodies. What follows

here is a brief overview of this formulation.

Assuming a section of a body—such as that shown in Figure 1-2—to have two

main degrees of freedom (DOF), call them heaving (or vertical) and torsional

displacements h  and α , respectively, one can write a linear system of equations:
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( )tL
m

hhh hhh

1
2 2 =++ ωωζ &&&

( )tM
I

1
2 2 =++ αωαωζα ααα &&&

where hζ  and αζ  are the damping ratios for the vertical and torsional degrees of freedom,

respectively, αω  and hω  are the natural frequencies for the vertical and torsional degrees

of freedom, respectively, m  is the mass per unit span of the bridge deck, I  is the mass

moment of inertia per unit span of the bridge deck, and ( )tL  and ( )tM  are the time-

varying lift and moment per unit span on the bridge deck, respectively. Dots represent

derivatives with respect to time.

α(t)

h(t)
L(t)

M(t)

B

D

Figure 1-2 Model of the cross section of a streamlined bridge deck with two degrees of
freedom—one for heaving and one for torsion.

The time-dependent forces, lift and moment, in equations (1-3) and (1-4) are

typically separated into self-excited and buffeting components as follows:

( ) ( ) ( )tLtLtL bse +=

( ) ( ) ( )tMtMtM bse +=

(1-3)

(1-4)

(1-5)

(1-6)
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where the subscript “se” refers to self-excited and the subscript “b” refers to buffeting.

The self-excited components are those forces that result from the motion of the body

itself and require no other outside forcing. The buffeting components are the unsteady

forces resulting from the natural unsteadiness of a turbulent flow and are independent of

the body motion. For linear fluid-structure interaction problems, the buffeting forces can

be ignored during examinations of motion stability.

To express the time-varying, self-excited lift and moment, Scanlan & Tomko

(1971) used expressions similar to the following form (note the similarity to the generic

forms of equations (1-1) and (1-2)):

( ) ( ) ( ) ( ) ( ) 







+++=

b

h
kHkkHk

U

b
kkH

U

h
kkHbqtLse

*
4

2*
3

2*
2

*
12 αα&&

( ) ( ) ( ) ( ) ( ) 







+++=

b

h
kAkkAk

U

b
kkA

U

h
kkAbqtM se

*
4

2*
3

2*
2

*
1

22 αα&&

where 2

2
1

Uq ρ=  is the dynamic pressure, U  is the mean wind velocity, 2Bb =  is half

the bridge deck width, k  is the reduced frequency of the bridge motion defined as:

Ubk ω= , and the coefficients *
iH  and *

iA  are referred to as “flutter derivatives” or

“aerodynamic coefficients.” Note that, similar to the formulation for thin-airfoils, the self-

excited or aeroelastic lift and moment are given in terms of the two degrees of freedom,

their first derivatives in time, and the reduced frequency. Unlike the thin-airfoil work, the

coefficients in this formulation are found experimentally.

The model’s attractiveness lies in the fact that it can be adapted to a host of

different bridge deck sections as a generic framework with which to utilize experimental

(1-7)

(1-8)
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aerodynamic data. This framework clearly delineates the experiments necessary to test a

given bridge design for aeroelastic stability. Although the aerodynamic problem is

nonlinear, it can be addressed to a certain extent by these linear analytical techniques for

two reasons described by Simiu & Scanlan (1986). First, the structure itself “is usually

treatable as linearly elastic and its actions dominate the form of the response….” Second,

the incipient motion “separates the stable and unstable regimes” and “may be treated as

having only small amplitude.” These two assumptions enable the use of these tools in

bridge stability calculations.

While equations (1-7) and (1-8) make up an empirical framework for the self-

excited forces, another empirically-based framework is often employed for the buffeting

forces. Similar to the history of bridge flutter analysis, concepts for bridge buffeting

analysis were borrowed from aircraft studies. Like the work of Sears (1941) and

Liepmann (1952) for thin airfoils, Davenport (1962) developed an analysis technique for

bridge buffeting. Based on Davenport’s general work, expressions for buffeting forces

commonly take the following form:

( ) ( ) ( ) ( )





 +′+−=

U

tw
CC

U

tu
CbUtL

bwbu LDLLLb χχρ 22
2
1 2

( ) ( ) ( ) ( )





 ′+=

U

tw
C

U

tu
CbUtM

bwbu MMMMb χχρ 22
2
1 22

where bL  and bM  are the buffeting components of the lift and moment, respectively, LC ,

MC , and DC , are the static lift, moment, and drag coefficients, respectively, of the bridge

deck (and primes denote derivatives with respect to angle of attack), u  and w  are the

turbulent velocity fluctuations in the longitudinal and vertical directions, respectively, and

(1-9)

(1-10)
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buLχ , 
bwLχ , 

buMχ , and 
bwMχ  are aerodynamic frequency response. The effectiveness of

turbulent velocity fluctuations at generating aerodynamic force on a bridge deck is

quantified using these frequency response functions—for example, the relationship

between buffeting lift and u  fluctuations is characterized by 
buLχ . The functions are

dependent on frequency, bridge deck shape, and turbulence parameters. While the thin

airfoil counterpart to these functions, the Sears function (Sears, 1941), is derived

analytically, these functions are found experimentally (like the flutter derivatives).

“Aerodynamic admittance” is the term commonly used for the absolute magnitudes of

these functions.

1.3 Aerodynamic Analysis Applied to Bridge Design Problems

Designing long-span bridges for aerodynamic stability involves three major steps

(among others). The analysis framework described in the previous section is used directly

in two of these steps. The steps include section model tests, analytical estimates of full-

bridge response, and full aeroelastic model tests. This section describes each of these

design stages to provide the background information necessary for understanding the gaps

in the current knowledge of turbulence effects presented in the following section. The

descriptions here focus mainly on the self-excited forces and flutter analysis.

Section model tests are conducted early in the design process. Section models are

rigid, small-span replicas of candidate bridge cross section shapes. Their size allows them

to represent even small geometric details of the bridges. Such model tests are relatively

inexpensive compared to full-aeroelastic bridge models and allow economical
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aerodynamic testing of a large number of potential designs. The two DOF analytical

models discussed in section 1.2 are perfectly suited to section model testing.

The most common aerodynamic output of section model tests are the flutter

derivatives and the aerodynamic admittance described in section 1.2. Experimental

aerodynamic data required for identifying flutter derivatives can be and has been obtained

in numerous ways. A wind-tunnel model can be described as “an analog simulator that

reveals aerodynamic mechanisms affecting bridge stability and general response. The

‘reading’ of this simulator is done by examining its flutter derivatives” (Jones et al.,

1995). Methods of “reading” the flutter derivatives can be divided into two major

categories: those that use freely-vibrating models and those that force the model motion.

Flutter derivatives are extracted from freely-vibrating models by utilizing system

identification techniques to identify the model’s dynamic properties—a combination of

it’s mechanical properties and the modifications to them due to the flutter derivatives—

from vibration data. Models can also be forced to move in a prescribed motion while the

aerodynamic forces are obtained directly through either force or pressure measurements.

The flutter derivatives are then identified from the formulations (1-7) and (1-8) knowing

the forces and displacements.

References reporting self-excited forces identified from free-vibration

experiments include Scanlan & Tomko (1971), Huston (1986), Poulsen et al. (1992),

Sarkar et al. (1994), and Bogunoviº Jakobsen & Hjorth-Hansen (1995). Researchers

identifying self-excited forces using forced-vibration techniques include Larose et al.

(1993), Li (1995), Matsumoto (1996), Matsumoto et al. (1992, 1995), Falco et al. (1992),

and Ukeguchi et al. (1966). Sarkar et al. (1993) compared the results of a number of these
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different techniques—free and forced vibration methods—and found results to be

consistent with each other. Aerodynamic admittance is often obtained from pressure

measurements or force-balance measurements on stationary models (for example, Larose

& Mann, 1998).

Physical interpretations such as “aerodynamic damping” or aerodynamic stiffness”

are often given to the effects of the self-excited forces. These physical interpretations of

the flutter derivatives can make the classifications of the different types of flutter more

intuitively clear. Combining the torsional equation of motion, (1-4), with the aeroelastic

moment expression, (1-8), one obtains the expressions (1-11) and (1-12) below for the

coefficients of α&  and α , respectively. Aerodynamic effects combine with the structural

contribution to damping in the coefficient of α&  as shown here:

( ) ( )
U

b
kkAbqI *

2
222 −ααωζ

And aerodynamic effects alter the coefficient of α  as shown here:

( ) ( )kAkbqI *
3

222 2−ω

If one interprets expression (1-11) as the “effective damping” and expression (1-12) as

the “effective frequency,” then the terms involving *
2A  and *

3A can be understood as

aerodynamic contributions to damping and frequency of the structure. The remaining

terms of equation (1-8) serve to couple the pitching motion to the plunging motion

aerodynamically. Analogous statements can be made about the aerodynamic effects on

the plunging motion involving the *
iH  terms.

Examples of the *
2A  coefficient for two different bridge decks are given in Figure

1-3. In light of the aerodynamic damping expression of expression (1-11), it is evident

(1-11)

(1-12)
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that for the original Tacoma Narrows deck section a value of *
2A  of sufficient magnitude

could reduce or even eliminate the effect of the structural damping thus resulting in an

unstable “negative damping” situation. This negative damping results in a flutter mode

commonly known as single degree of freedom (SDOF) flutter. The Tacoma Narrows

Bridge, with this positive trend of its *2A  coefficient , suffered an SDOF torsional flutter

condition that resulted in its catastrophic failure. A number of researchers (Scanlan &

Wardlaw, 1978; Scanlan et al., 1974; Nakamura, 1988) have hypothesized the physical

mechanism of this SDOF torsional flutter being related to the shedding of a large vortex-

like structure from the leading edge of the body as it undergoes a change in angle of

attack (such as shown in Figure 1-1). The suction on the body caused by this structure

causes an abrupt increase in the aerodynamic moment before it asymptotes to its steady

state value as the fluid structure convects downstream and away from the body. Since the

effect of this moment is to increase the same motion that initiated it, the situation is

unstable.
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Figure 1-3 Plot of *
2A  for two bridge deck sections and an airfoil illustrating how cross

section shape can affect aerodynamic damping through this coefficient (Data from
Scanlan & Tomko, 1971).

Figure 1-3 shows that not all bridge deck sections have positive trends in their *
2A

values. These sections, like an airfoil, cannot experience flutter in a single mode but only

experience flutter when multiple modes couple aerodynamically. In light of the flutter

derivative formulation, this coupling occurs through the *
2H , *

3H , *
1A , and *

4A

coefficients. This manifestation of flutter is commonly called “classical” flutter.

While the above physical interpretations of the flutter derivatives are helpful to

some extent, they do not provide particularly useful insight into the physical mechanisms

of flutter. They provide some measure of how given geometrical changes in cross section

affect the aeroelastic stability of a design but do not, in themselves, serve as guides to

particular design changes. Rather than identify the flutter derivatives directly, the present
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work measured pressure magnitudes and phases across the deck section to determine

aeroelastic stability characteristics.

Once section model testing has rendered aerodynamic data from a potential bridge

shape, full-bridge response estimates are made by analytically extending the section

model data to three dimensions. Estimation of full-bridge response is often based on the

approach of Scanlan (1978a, 1978b, 1987). Using structural analysis techniques, the

vibration modes of a full bridge are obtained. These modes are calculated neglecting the

aerodynamic stiffness effects modeled by the flutter derivatives (assuming that the small

ratio of air inertia to structural inertia results in negligible effects on the structural mode

shapes). As an example, Figure 1-4 shows the first and second swaying, bending, and

twisting modes of the Great Belt East Bridge (Larsen & Jacobsen, 1992). The full-bridge

vibration mode shapes are then used to generalize the aerodynamic forces. Scanlan (1987)

points out that while the vibration modes most likely to participate in flutter may have

been identifiable intuitively for older, more basic, suspension bridge designs, this is not

the case for modern cable-stayed bridges having modes “less likely to be ‘pure’ in one

single degree of freedom.” This emphasizes the need to have some formal approach to

identifying the critical modes of a structure out of the dozens computed from structural

analysis.
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Figure 1-4 First and second mode shapes of the Great Belt East Bridge (Denmark) in the
swaying, bending, and twisting directions (from Larsen & Jacobsen, 1992).

Two such formal approaches (based on Scanlan (1987), Scanlan & Jones (1990),

and Katsuchi et al. (1999)) are outlined here. The first approach seeks a single mode of

the structure which is the dominant flutter mode. Scanlan (1987) has observed that bridge

flutter generally involves the dominant action of a single mode. The alternative to this is a

“classical” type flutter where the frequencies of multiple bridge modes coalesce into a

single flutter mode. While single-mode flutter is the critical condition for the majority of

spans in existence today, increasingly longer spans become increasingly more susceptible

to coupled flutter. The recently completed Akashi-Kaikyo Bridge with its 1991m main

span was the first bridge in the world exhibiting a coupled bending-torsion flutter mode

as its critical mode. With even longer spans being planned, a multi-mode, coupled



17

analysis is essential. A description of a multi-mode, coupled approach will follow the

single-mode approach here.

The dimensionless, generalized coordinates of a full bridge are written as:

[ ] ( )tQI iiiiiiii =++ ξωξωζξ 22 &&&

where iI  is the generalized inertia and iξ  is the dimensionless, generalized coordinate

associated with the thi  full-bridge vibration mode, and ( )tQi  is the generalized force. The

displacement of the bridge deck at a spanwise position x  is written as:

( ) ( ) ( )∑=
i

ii xttx αξα ,

( ) ( ) ( )∑=
i

ii Bxhttxh ξ,

where ( )xhi  and ( )xiα  are dimensionless components of the full-bridge vibration mode

shapes at x  in the vertical and torsional directions, respectively. The generalized force is

then defined by:

( ) ( )∫ +=
span iii dxMBLhtQ α

where bse LLL +=  and bse MMM +=  are the lift and moment, respectively, per unit

span at x . Note that an actual analysis of full-bridge dynamics would include the swaying

component of the deck, sometimes modeled as ( )xp  with the drag force D . For brevity

and for continuity with the previously-discussed formulation of the flutter derivatives,

this degree of freedom was omitted here.

It is important to observe that the calculation of the generalized force involves the

spanwise dependence of lift and moment. In this formulation, it is assumed that the

motion-induced forces on a specific spanwise deck location depend only on the shape and

(1-13)

(1-14)

(1-15)
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motion of that specific point and the flow immediately upstream of it. This is one aspect

of what is commonly called a “strip theory” assumption. Substituting (1-7) and (1-8) into

equation (1-15), coupled with the strip theory assumption, results in the following

expression for the generalized self-excited forces:

( ) ( )∑ +++=
j

AA
h

H
h

H
hhj

i

ijijijij

se GGGG
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A
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4
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where the G  terms are defined by the following integral which combines the structural

and aerodynamic coupling among the various modes:

( ) ( ) ( )∫=
span nmp

T

sr dxxsxrxTG p

nm

*
*

where ( )4,3,2,1or *** == pHAT ppp , hsr =,  or α  and inm =,  or j . Since flutter for a

single mode is being sought, the cross coupling terms (i.e. those terms for which ji ≠ ) in

equation (1-16) can be dropped to simplify the expressions. With this simplification an

effective damping expression can be written analogous to that described in equation

(1-11). This expression can be written:

( ) ( ) ( ) ( )[ ]i
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ii
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ii
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ρ
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where iζ  is the effective damping for mode i , 
U

B
K i

i

ω= , and iω  is the effective

frequency of mode i . The effective frequency can be written in a form analogous to

equation (1-12) as follows:

(1-16)

(1-17)

(1-18)
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In many cases, iω  is assumed to be equal to iω . The first term of equation (1-18) is the

generalized structural damping of mode i  while the remaining terms are the aerodynamic

contribution to the damping. The flutter criterion then is: 0≤iζ . From an examination of

this inequality for each bridge mode over a series of velocities, one can determine the

flutter susceptibility of each mode.

As stated, for the longer bridge spans being built and being planned, this single-

mode approach is inadequate. A number of researchers have developed multi-mode,

coupled analysis techniques for flutter and buffeting analysis (Jain et al., 1995; Miyata et

al., 1994; Katsuchi at al., 1999; Chen et al., 2000). The frequency-domain approach of

Jain et al. (1996) and Katsuchi et al. (1999) is outlined here, but the advantages of time-

domain approaches (such as Chen et al. 2000, 2000a) will be discussed later in this

chapter and in subsequent chapters. The first step is to expand equation (1-13) to include

all the bridge modes. This requires matrix notation as follows:

bQBîîAîI =+′+′′

where I  is an identity matrix, î  is the generalized coordinate vector, primes denote

derivatives with respect to time, bQ  is the generalized buffeting force vector. The

matrices A and B are expressed as:

( ) [ ]*
2

*
1

*
2

*
1

2
2

4
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(1-19)

(1-20)

(1-21)
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The first terms of the ijA  and the ijB  expressions represent structural damping and

stiffness, respectively. The remaining terms represent the aerodynamic contributions to

damping and frequency and the coupling among the various bridge modes. Equations

(1-20) through (1-22) simplify to the single mode formulation for ji = . Again it should

be noted that for the sake of the clarity of these examples, the sway component has been

left out of these formulations. Including the drag force and the sway component would

add to the number of terms in equations (1-21) and (1-22) but would not change their

fundamental character.

Taking a Fourier transform of the above formulation allows equation (1-20) to be

written in the frequency domain as:

bQE =ξ

where the matrix E  is a combination of the A  and B  matrices of equations (1-21) and

(1-22), respectively, and the overbar here denotes the Fourier transform. This formulation

of the problem allows consideration of buffeting response including the effects of the

aerodynamic contributions to damping and stiffness and the effects of coupling—the

latter a necessity for extremely long spans such as Akashi-Kaikyo.

Multi-mode, coupled flutter analysis then consists of solving the following

eigenvalue problem:

0=ξE

where the solution is found by identifying the value of K  for which the determinant of E

vanishes. This involves two equations—one for the real part and one for the imaginary

(1-22)

(1-23)

(1-24)
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part—which must be satisfied simultaneously. Since both the critical flow speed and

critical flutter frequency are unknown, one solution assumes a value of the reduced

frequency, K , and solves for ω . Iteration is required to find values of K  for which to

real and imaginary parts of the determinant vanish for the same ω  (this process is similar

to that known as “Theodorsen’s method” for the two DOF case discussed in section 1.2).

The critical flutter speed for a given mode is then obtained from the definition of the

reduced velocity, UBK ω= . This process is repeated for each of the bridge modes being

considered. The critical flutter speed for the overall bridge is obviously, then, the lowest

of those obtained for the individual modes. It should be noted that it is not necessarily

trivial using this method to track how a bridge’s structural modes/frequencies are being

altered as different mean wind speeds, U , are considered.

Buffeting analysis consists of combining the spectral description of the incident

turbulent flow with aerodynamic admittance functions to obtain buffeting forces. An in-

depth summary of such analyses will not be provided here, but—as discussed for flutter

analysis—it has been found that very long bridge span lengths (such as the 1991m

Akashi-Kaikyo Bridge) require multi-mode, coupled analysis techniques to obtain proper

buffeting response estimates (Jain et al., 1995; Miyata et al., 1994; Katsuchi at al., 1999;

Chen et al., 2000).

The next step in the design of a long-span bridge is an aeroelastic model of the

complete bridge. Large wind tunnels are required for such testing. For example, the

Boundary Layer Wind Tunnel of the Public Works Research Institute in Tsukuba,

Japan—where the Akashi-Kaikyo Bridge was tested—has a test section 41m wide, 4m

high, and 30m long (Miyata & Yamaguchi, 1993). Bridge models are designed to match
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as closely as possible the first few modes of bending, swaying, and twisting motions. This

testing is very expensive, and is only conducted after extensive section model

aerodynamic testing and analytical work has brought the design to a near-final state.

The background of aerodynamic testing of long-span bridges provided by this

section is the basis for understanding the next section concerning work to improve the

state of the art of bridge flutter analysis. Both inconsistencies and experimental work

needed to address gaps in current understanding are addressed.

1.4 Motivation for Study of Turbulence Effects

Inconsistencies in past studies and gaps in our understanding of the turbulence

effects on long-span bridge stability provided the primary motivation for this project. The

inconsistencies manifest themselves in both experimental and numerical simulation

results. This section highlights some inconsistencies exhibited in past experimental

results and then discusses some gaps in our understanding of turbulence effects—

particularly related to spanwise coherence of self-excited forces. The need for physical

insights concerning turbulence effects is then presented, and finally, the limitations of the

linear approach most often used for bridge analysis is addressed along with the need for

nonlinear analysis techniques with corresponding nonlinear experimental data.

Designing a long-span bridge often includes section-model tests to identify stable

shapes from candidate bridge decks followed by full, aeroelastic model tests to finalize

the design. Section models are used mainly to obtain flutter derivatives for stability

estimates while the full, aeroelastic model tests provide further validation of stability
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while, hopefully, elucidating full-bridge dynamics. This section presents experimental

results from both types of tests that illustrate the gaps in the current understanding of how

turbulence affects the motion-induced forces on a bridge deck.

Results from three studies where the flutter derivatives were identified will be

presented here. Scanlan & Lin (1978) and Huston (1986) involved section model tests

while Larose, Davenport, and King (1993) employed taut-strip models—which,

consisting of a long, flexible span pulled taut across a wind tunnel to simulate the

fundamental modes of the full bridge, lies somewhere between section models and full,

aeroelastic models.

Not many studies have focused explicitly on the effects of turbulence on

aeroelastic forces. One of the first to do so was Scanlan & Lin (1978) who used a spring-

mounted section model in grid-generated turbulence. Their model simulated a trussed

deck section by having holes drilled into the sides of an inverted U-shaped beam.

The results of this study did not reveal a significant difference in the flutter

derivatives between smooth and turbulent flow as illustrated in Figure 1-5 for the *
2A

flutter derivative. Their study concluded, “Results under the two flow conditions do not

differ drastically in this instance exhibiting, in fact, similar trends throughout” (Scanlan &

Lin, 1978). Each flutter derivative had only slightly and yet consistently greater

magnitudes in turbulent flow—from this it follows that the actual lift and moment

magnitudes will have greater magnitudes for the turbulent.
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Figure 1-5 Flutter derivative *2A  from the simulated trussed deck section model of
Scanlan & Lin (1978). The section model is shown in the inset.

Huston (1986) focused specifically on the effects of large incident turbulence

length scales on the self-excited forces. Integral scales encountered by a prototype bridge

can be several times larger than the bridge deck width, so wind tunnel bridge studies—

where the common passive means of turbulence generation produce integral scales that

are often the same size or smaller than the deck width—often suffer from scale

mismatches.

The approach employed two sets of flapping airfoils—the first set flapped in

phase with each other to produce vertical gusting and the other set had adjacent airfoils

flapping out of phase with respect to each other to produce horizontal gusting. The two

primary flows used in the section-model tests were “neutral,” where the above-mentioned

airfoils were held fixed in order to generate a somewhat smooth flow, and “low-pass,”
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where a white noise signal, low-pass filtered at 2 Hz, was used to drive both sets of

airfoils.

Although Huston employed the term “gusting” over “turbulence” most of the

time, it is unclear how closely these gusting flows resemble atmospheric flows. For the

neutral mode of operation, uI  and wI  were measured to be around 2% while for the low-

pass flows, they were 30% and 25%, respectively. Length scales were calculated for the

horizontal and vertical velocity fluctuations by finding the frequency associated with the

centroids of the respective autospectra. The neutral mode produced horizontal and

vertical scales of approximately B1  to B5.2  while the low-pass mode generated vertical

scales in the range of B5  to B12  in the horizontal and B2 to B20  in the vertical (the

ranges of these values result from the fact that different flow velocities were used in each

case). It should be noted, however, that the vertical scale is taken as the horizontal

correlation of the vertical velocity fluctuation (that is, wxL ).

Tests on a model of the Golden Gate Bridge deck section, shown in Figure 1-6,

yielded the most interesting results. The *
2A  derivative for this deck showed a significant

destabilizing change comparing the results in the relatively smooth neutral flow to the

results in the large-scale gustiness of the low-pass flow. A positive trend in the *
2A  values

is considered destabilizing because of the resulting negative contribution to damping (as

discussed in section 1.2). This result differs with the general conclusion of Scanlan & Lin

(1978) but no hypothesis for explaining the difference was or has been offered in the

literature.
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Figure 1-6 Flutter derivative *2A  of the Golden Gate deck section in flows generated by
the neutral and low-pass modes of Huston’s (1986) active turbulence generation

mechanism.

The work of Larose, Davenport and King (1993) using a taut-strip model of the

Great Belt East Bridge deck section did not focus specifically on the effects of turbulence

on self-excited forces, but did show some interesting effects of turbulence on flutter

derivatives. This bridge deck, shown with the plot of *
2A  versus reduced velocity in

Figure 1-7, is a closed box girder which behaves more like an airfoil than do trussed

girder decks. Values for *2A  show similar values for smooth flow and turbulent boundary

layer flow while two grid-generated turbulent flows gave significantly different values. In

addition, the turbulent boundary layer case showed an increase in the magnitude of the

derivatives—especially for the *iA  values—while the grid turbulence cases showed a



27

decrease in magnitude. This differs from the results of Scanlan & Lin (1978) discussed

above.

The grid-generated turbulent flows showed decreases in flutter derivative

magnitudes for increasing turbulence intensity. However, the fact that the grid 2 flow and

the boundary layer flow had similar longitudinal turbulence intensities but significantly

different flutter derivatives shows a dependence on parameter(s) other than turbulence

intensity. Scales and spanwise coherence were suggested as possible controlling

parameters. Understanding these changes from a physical standpoint are difficult when

only the flutter derivatives are available.
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Figure 1-7 Flutter derivative *2A  for the Great Belt East Bridge deck section taken from
the taut-strip model test results of Larose et al. (1993). The deck model’s cross section is

shown in the inset.
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The difference between smooth and turbulent flow results for full, aeroelastic

models of bridges have quite often been illustrated using results from the study of the

Lions’ Gate Bridge—for example, Irwin & Schuyler (1977). Figure 1-8 (from Scanlan &

Wardlaw (1978)) summarizes this work showing the rms response of a single location on

the deck of a full, aeroelastic bridge model in both smooth and turbulent flow. A distinct

flutter boundary is evident for smooth flow and a gradual rise in response amplitudes

without such a distinct flutter boundary is observed for turbulent flow. The figure also

shows how well the critical flutter velocity predicted by section model tests of the same

deck compared with the full model in smooth flow.

Figure 1-8 RMS response of a full bridge model of the Lions’ Gate Bridge in both smooth
and turbulent flow. The critical flutter velocity predicted from section model test results is

also shown (from Scanlan & Wardlaw, 1978).

Data such as these has led many researchers to conclude that the flutter boundaries

found in smooth flow are conservative. The proposed physical explanation for this has
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been that turbulent flow reduces the spanwise correlation of the motion-induced forces

from their smooth-flow values thus reducing the possibility of unstable motion. Although

this hypothesis has been mentioned by a number of researchers, no direct experimental

work has addressed this issue. A demonstration of the analytical plausibility of this idea

was put forth by Scanlan & Jones (1990) and more rigorously by Scanlan (1997).

Scanlan’s (1997) approach can be summarized as follows. Consider the single model

flutter criterion for a bridge mode for which the twisting motion is dominant. As in

section 1.3 using this would be described by comparing the coefficients of iξ& , the first

derivative of the generalized coordinate of mode i , from equations (1-13) and (1-16)

considering only the torsional flutter derivative *
2A :
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where the left hand side of equation (1-25) represents the aerodynamic contribution to

damping and the right hand side represents the structural damping. Because the structural

frequencies are usually not changed significantly by aerodynamic effects, one can assume
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A form for the spanwise coherence is then assumed that is similar to that for turbulent

velocity coherence as follows:

( ) ( ) ( )( ) LxxceKAxKAxKA 21
2*

22
*
21

*
2 ,, −−=

where L  is the bridge span length. It is obvious how the spanwise coherence expression

of equation (1-28) will decrease the likelihood of flutter by decreasing the value of the

left hand side of the flutter criterion in equation (1-27). This will always be the effect of a

diminution of spanwise coherence for a single mode flutter analysis such as this—the

effectiveness of the self-excited force is decreased. However, the effects of such spanwise

coherence are not so obvious for multi-mode, coupled flutter analyses. While decreases in

spanwise coherence may stabilize a deck by reducing negative damping effects, it may

also destabilize a deck by reducing favorable damping. The impact of such effects will

become more important as bridges with longer spans are designed and multi-mode flutter

becomes more probable.

As mentioned above, the spanwise coherence of self-excited forces has never been

addressed experimentally before. Experimental work is needed to understand the role that

turbulence plays in the spanwise coherence of the self-excited forces not only for the

analysis of flutter susceptibility but also for the analysis of buffeting—specifically, how

mode coupling and damping are affected by changes in the spanwise behavior of the

aeroelastic forces.

The influence of nonlinear effects is another topic requiring further research. The

flutter analysis techniques described in section 1.3 are linear. They are based on a

linearization of nonlinear aerodynamic phenomena. Their frequency dependent

coefficients are experimentally determined for bodies oscillating with small

(1-28)
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displacements—essentially a linearization around a specific set of parameter values. This

approach captures the nonlinear effects without an explicit nonlinear model.

Studies related to the Messina Straits crossing project (connecting the island of

Sicily to the Italian peninsula) have illustrated the importance of nonlinear aerodynamic

loading (Diana et al., 1993, 1998, 1999; Falco et al., 1992). Structural changes necessary

to extend bridge spans from current distances of 1990m to the 3300m to required cross

the Messina Straits complicate the aerodynamic properties of bridges. Therefore

experimental investigation of such nonlinear aerodynamic properties is necessary along

with complementary analytical techniques to incorporate such data into bridge response

estimates. Chen et al. (2000a) have developed a time domain analytical model which

incorporates nonlinearities of both structural and aerodynamic origin. An important

aspect of this particular approach is that flutter and buffeting analysis is performed

simultaneously rather than separately—like the frequency domain approach described in

section 1.3. This allows interaction between the response induced by buffeting and that

induced by self-excited forces. Without such interaction, importance sources of nonlinear

effects are ignored.

In terms of experimental work needed, it is logical to extend the linearization

already practiced to a wider range of parameters to gain insight into where nonlinear

effects manifest themselves. Analysis with extended linearization means that functions

such as flutter derivatives need to be identified for a range of parameters such as angle of

attack and vibration amplitude. This type of analysis will show where superposition of

aerodynamic loads is warranted, where nonlinearities exist, and hopefully, what nonlinear

models might describe the behavior.
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Where the flutter derivatives given in equations (1-7) and (1-8) are given only as a

function of K , the larger aerodynamic problem is nonlinear with dependence on a greater

number of parameters. This nonlinear dependence might give the flutter derivatives the

following representation:

( )iijii SLIhKfH ,,,,,, 00
* αα=

( )iijii SLIhKfA ,,,,,, 00
* αα=

where α  is the average angle of attack of the motion, 0α  is the amplitude of the torsional

motion, 0h  is the amplitude of the heaving motion, and iI , ijL , and iS  are the turbulence

intensity, integral length scale in the thj  direction, and small-scale spectral density

parameter of the thi  component of velocity, respectively. A similar parametric study was

proposed by Huston (1986) who suggested that an appropriate experimental program

might be useful to determine whether the motion-dependent forces are simple functions

of the turbulence statistics.

An important application for the work of this study is to improve numerical

predictions of bridge responses. Current numerical efforts can be divided into two main

groups. The first group attempts to model the actual flow about bridge decks (for a review

of computational fluid dynamics in general see Murakami & Mochida, 1999; for an

example of the use of discrete vortex simulation, see Larsen & Walther, 1997). These

approaches hold great promise as design tools, but prediction accuracy and computational

resource requirements remain as significant difficulties to be overcome. An experimental

effort such as the current work adds to the base of knowledge from which such methods

can be validated.

(1-29)

(1-30)
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The second group does not employ traditional CFD methods but rather attempts

use experimentally-obtained aerodynamic coefficients and generate stability predictions

for a number of turbulent flow scenarios (Beliveau et al., 1977; Lin, 1979; Lin &

Ariaratnam, 1980; Tsiatas & Gasparini, 1987; Bucher & Lin, 1988; Tsiatas & Sarkar,

1988; Lin & Li, 1993; Shinozuka & Billah, 1993; Billah & Shinozuka, 1994; Bartoli et

al., 1995; Li & Lin, 1995; Pandey & Ariaratnam, 1998). The common thread running

through each of these studies is that of modeling the inflow turbulence as a random

dynamic pressure. This means replacing 2

2
1

Uq ρ=  with ( )( )2

2
1

tuUq += ρ  in equations

(1-7) and (1-8) where ( )tu  is a random variable with characteristics matched to those of

the relevant turbulent flow.

Although different researchers may handle the mathematics differently, what is

lacking in each is a complete representation of the effects of different scales. While a

random dynamic pressure may capture large-scale turbulent fluctuations adequately it

cannot include the effects of the smaller scales changing the fundamental flow structure

and pressure producing mechanisms. In one of the first attempts at stochastic analysis of

the flutter problem in turbulent flow, Y.K. Lin (1979) acknowledges this in the following:

Another important assumption used in the analysis is that the scale of turbulence

in the wind is much larger than the lateral dimensions of the bridge. In such a case

the flow pattern around the bridge is expected to be similar to that associated with

a nonturbulent flow. However, if the turbulence scale is of the same order of

magnitude or even smaller than the lateral dimensions of the bridge, the flow

pattern, and thus the lift and drag curves, can change greatly.
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Thus, the change in flow structure caused by turbulence is not entirely understood and

better insight into this phenomenon could be of fundamental importance to stochastic

modeling efforts of this type.

1.5 Outline for the rest of the dissertation

Inconsistencies such as those mentioned in the previous section exist perhaps

because so few studies have been done of the mechanics of how turbulence affects the

motion-induced forces on a bridge deck. While several bridge decks have been examined

in smooth and a variety of turbulent flows, few studies have been done to understand

mechanisms causing the differences. To pursue such an understanding, this dissertation

proceeds as follows. Chapter 2 summarizes the approach taken in the current work to

address the motivating issues raised in this chapter. This summary includes some

discussion of the literature on the effects of turbulence on generic bluff body flow

structure and how this work guided the research into motion-induced forces. Chapter 3

outlines the experimental equipment used to implement the work of chapter 2 including

the turbulence-generation techniques, the design of the model and its accompanying

motion-driving mechanisms, and the velocity and pressure measurement methods.

Chapter 4 presents the velocity measurement data including statistical

characteristics of each incident flow used in this study. Results of pressure measurements

on stationary models are reported in Chapter 5. These results were used to validate the

system integrity, place the current measurements in the context of the existing literature

concerning stationary rectangular cylinders, and develop a preliminary picture of the flow
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structure about a rectangular cylinder that would be useful for interpreting the results of

subsequent dynamic tests. Chapter 6 contains sectional pressure data from dynamic tests.

These data include force and pressure spectra, pressure amplitude and phase distributions,

flutter derivatives, and other statistical distributions. Spanwise coherence and correlation

results are presented in chapter 7.

Although only chapter 8 is formally called a “discussion” chapter, each chapter

containing results contains a certain amount of commentary which, when taken as a

whole, builds a picture of the “anatomy” of the effects of turbulence on bridge

aerodynamics. Chapter 8 brings all of the former three chapters of results together into a

more complete picture. Chapter 9 summarizes the major conclusions of the work and

proposes research goals for future study.
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CHAPTER 2.   APPROACH AND BACKGROUND 

 The current approach addresses the issues raised in Chapter 1 with a wind tunnel 

model equipped with a large number of pressure taps, oscillating in a series of smooth 

and turbulent flow. This chapter describes the approach taken in this project to 

experimental bridge aerodynamics analysis and then summarizes existing literature on 

bluff body aerodynamics as background. The synopsis of the approach provided here is 

an introduction to the various components of the work—each of which will be dealt with 

in greater depth in subsequent chapters. 

 

2.1 The Current Approach 

 For this study of the effects of turbulence on bridge decks, a section model and 

accompanying motion-driving mechanisms were constructed. The specifications of this 

equipment relate back to the problem motivation in Chapter 1. Streamwise pressure 

distributions were measured—rather than total force—to allow examination of the 

anatomy of the aerodynamic forces rather than just their integrated effects. Pressure taps 

were arranged to allow measurement of pressures at two spanwise positions 

simultaneously. Quantifying the spanwise coherence of buffeting and self-excited forces 

on an oscillating model was thus possible. This study represents the first such study of 

the spanwise coherence of self-excited forces on oscillating bridge models. 
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 At the outset, one must recognize the host of length scales present in this flow-

structure interaction problem. Complex interactions between these fluid and structural 

scales underlie the measured aerodynamic quantities.  

 Fluid scales include the thickness of the shear layer and the reattachment length. 

Scales in the incident turbulent flow include the largest and smallest scales that are 

present—often quantified using the turbulence integral scales and a small-scale spectral 

density parameter, respectively. Structural scales include not only the overall dimensions 

of the bridge deck—it’s vertical height, streamwise width, and spanwise length—but also 

dimensions of various structural members such as trusses, guard rails, and traffic barriers. 

Even smaller scales are present in terms of surface roughness of the bridge components. 

For example, the road surface, the presence of railroad tracks, and the use of gratings all 

play a role in the development of the overall flow structure. 

 The relative importance of each of these scales is worthy of study, but 

differentiating the effects of individual scales is problematic. One example of this 

difficulty is found when trying to identify the effect of turbulence scale while holding 

turbulence intensity constant. Holding the turbulence intensity constant requires that any 

increase in, say, large-scale turbulent energy be balanced by decreases in the energy 

content of different scales. Aerodynamic structure changes resulting from these changes 

cannot be attributed exclusively to the large-scale increase or the small-scale decrease. 

 To focus on flow mechanisms without the complexities of actual bridge deck 

shapes, a rectangular cross section with a smooth surface was studied. This eliminated 

most of the structural length scales—all but the overall dimensions. The relative 

importance of every fluid scale, as mentioned above, was not differentiated. Rather, 
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various flow scales were quantified and reported to provide an overall picture of the 

various flow scenarios. Further details of these flow parameters are provided in Chapter 

4. Detailed studies of each scale’s effect would require specialized experiments beyond 

the scope of this study. 

 A model of rectangular cross section ( 67.6=DB , where B  is the streamwise 

dimension and D  is the frontal dimension of the body) was chosen for two main reasons. 

It was chosen, as mentioned above, to reduce the number of length scales involved and 

study flow mechanisms without the geometric complexities of actual bridge decks. It was 

also chosen to take advantage of the large amount of literature relating to the 

aerodynamics of rectangular shapes. Because a significant portion of the lift generated 

over a bridge deck can be attributed to mechanisms involving separated flows, a bluff 

body with rectangular cross section was used to examine the effects of turbulence on 

flow structures involving separated flows. Subsequent phases of this work will involve 

actual bridge deck sections. 

 To test a wide range of dynamic conditions, the motion driving mechanism 

designed and built was capable of driving pitching and plunging motions with variable 

amplitudes at changing mean angles of attack. In this, the first project with this 

equipment, testing consisted of torsional motion at zero-mean angle of attack. Full 

integration of all the dynamic capabilities of the system will require further work beyond 

the scope of this project. 

 Observing the effects of turbulent scale required that a series of turbulent flows be 

generated having constant turbulence intensity and varying integral scales. Tests were 

conducted in each turbulent flow, and analysis techniques were developed to track the 
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turbulence-induced changes in the unsteady forces. One such technique was the 

identification of the amplitude and phase of the self-excited pressure signals at each 

streamwise location. What follows is a brief derivation of this approach and how it also 

produces conventional flutter derivatives for comparison with the literature. 

 Rather than extract flutter derivatives directly from free-vibration data, this 

method obtains streamwise pressure amplitude and phase distributions from forced 

oscillation experiments. This approach is similar to that of Matsumoto et al. (1996). 

While these distributions can be integrated to provide conventional flutter derivatives, 

they also provide insight into the mechanisms involved in the turbulence effects. 

 The amplitude and phase distributions for the surface pressures are defined 

according to the following equations. For torsional motion described in terms of the 

angular position, α , in equation (2-1), each position along the model has a pressure 

fluctuation at the model oscillation frequency described by equation (2-2).  

( ) ( )tft απαα 2cos0=  

( ) ( ) ( )( )xtfxCtxC pp ψπα α −−= 2cos, *
0  

where 0α  is the oscillation amplitude, αf  is the model’s torsional oscillation frequency, 

( )txCp ,  is the pressure fluctuation function (normalized by the dynamic pressure), and 

( )xψ  is the phase defined as the lag between the maximum angle of attack and the 

maximum negative pressure at a specific location, x . These quantities are illustrated in 

Figure 2-1 where the pressure signal is shown together with the angular displacement of 

the model. 

 

(2-1) 

(2-2) 
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Figure 2-1 Illustration of the definitions of pressure amplitude, ( )xCp
* , and pressure 

phase, ( )xψ , with respect to the body oscillation. 

 

The amplitude of these pressure fluctuations are given in terms of a pressure coefficient, 

( )xCp
* , defined according to equation (2-3). 

( ) ( )
0

*
*

αq
xpxCp =  

where ( )xp*  is the amplitude of the pressure fluctuation, q  is the dynamic pressure, and 

0α  is the amplitude of the angular oscillation. 

 Integrating the pressure function, (2-2), over the surface can render the self-

excited moment as follows: 

( ) ( ) ( )( )xdxxtfxCqtM
b

b
mpse ∫

−

−−= ψπα 2cos2 *
0  

Substituting bxx =*  and rearranging terms yields: 

(2-3) 

(2-4) 
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 The expression for the self-excited lift, ( )tLse , is derived similarly. With self-

excited lift and moment defined according to equations (1-7) and (1-8), respectively, 

torsional motion flutter derivatives can be derived from the amplitude and phase 

distributions using equations (2-6) through (2-9) as follows: 

( ) ( )∫
−

=
1

1

*****
2

*
2 sin2

2
1 dxxxCx
k

A p ψ  

( ) ( )∫
−

−
=

1

1

*****
2

*
3 cos2

2
1 dxxxCx

k
A p ψ  

( ) ( )∫
−

=
1

1

****
2

*
2 sin2

2
1 dxxxC
k

H p ψ  

( ) ( )∫
−

−
=

1

1

****
2

*
3 cos2

2
1 dxxxC

k
H p ψ  

where k  is the reduced frequency defined as Ubk αω=  where αα πω f2= . 

 Pressure amplitude and phase as defined above are discussed at length in 

subsequent chapters. They complement the statistical and spectral analysis also presented 

for the unsteady pressures developed by various turbulent flows. The large amount of 

work done for bluff bodies of rectangular cross section provided a foundation from which 

the above analysis could extend. This literature is briefly summarized in the following 

section. 

 

(2-5) 

(2-6) 

(2-7) 

(2-8) 

(2-9) 
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2.2 Background of Bluff-Body Aerodynamics 

 Civil engineering structures provide a wide variety of applications for bluff body 

aerodynamics. Because bridges and buildings often have rectangular shapes, a large 

amount of wind tunnel work has been done studying varieties of rectangular bodies and 

the shear layers separating from them. Most of this work has been done for stationary 

bodies, but some has been for such prisms in motion. Because this study of turbulence 

effects on bridge aerodynamics employs a rectangular cylinder, relevant results from the 

literature are highlighted here. A brief outline of bluff body flow structure about a 

rectangular body will be followed by a presentation of relevant parameters and a 

summary of the effects of these parameters on quantities of aerodynamic interest. 

 To aid the description of parameters and definitions in this summary of bluff-

body flow structure, Figure 2-2 shows a schematic diagram of flow over a body with 

rectangular cross section. The separated shear layers are the most important components 

of this flow. Shear layers separate from the sharp leading edges, roll up periodically to 

form vortex-like structures, and usually reattach near some distance, Rx , downstream. 

Although this reattachment is highly unsteady—the line in the diagram represents only a 

time mean separating streamline—it separates the surface of the body into regions of 

mostly separated and mostly attached flow. The pressure distribution has large negative 

values in the separated region (i.e. the “separation bubble”) and recovers to much higher 

pressures downstream of reattachment. 
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Figure 2-2 Schematic illustration of flow separation and the resulting pressure field 
around a bluff body with rectangular cross section. 

 

 Plotting various statistical distributions of surface pressures versus streamwise 

position provides insight into the physics of the flow structure. In fact, such distributions 

are the most common method of tracking turbulence-induced changes in the flow 

structure. Mean pressure distributions map out the approximate region of separation with 

large negative pressures within the separation bubble. Saathoff & Melbourne (1989) 

report that in smooth flow the maximum in the rms pressure distribution is located 

approximately at the reattachment line. This maximum moves a bit upstream of the 

reattachment line for turbulent incident flows. 

 Distributions of the peak pressures give a measure of the greatest pressure 

magnitudes experienced at any single point. The upstream portion of the separation 

bubble experiences the largest peak pressures. Saathoff & Melbourne (1989, 1997) 

attribute this to the rolling up of the separated shear layer into a vortex that causes large 

negative pressures on the surface beneath it. This phenomenon occurs in both smooth and 

turbulent flows but creates stronger vortices in turbulent flow. Examining the distribution 
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of the skewness of the pressure signals at various streamwise locations complements the 

observations of the peak distribution. Negatively skewed signals correspond to the region 

near the maximum peak pressures. Nearer the reattachment point, positively skewed 

pressures occur, which Kiya & Sasaki (1983) suggest is indicative of irrotational fluid 

from outside the separation bubble crashing down into the surface with the reattaching 

shear layer. 

 Studying how turbulence affects the pressure distributions around bluff bodies 

requires quantification of the turbulence itself. A number of parameters are used for this 

purpose. Although the importance of the Reynolds number, Re, will be discussed later, 

the relevant length scale for its calculation is the frontal dimension of the body, D . 

Turbulence intensity, defined as the rms value of a particular velocity component’s 

fluctuation normalized by the mean free stream velocity, U , is a measure of the total 

energy of the turbulent fluctuations. Researchers most often report longitudinal 

turbulence intensity, uI  because it is the easiest to measure with a hot wire anemometer. 

For this same reason, the longitudinal integral scale, uxL , is most often reported as a 

measure of the average size of the turbulent “eddies.” An integral scale, ijL , is a measure 

of the dimension in the jth direction of the eddies responsible for the fluctuations of the ith 

velocity component. The autocorrelation coefficient function calculated from a time 

series of longitudinal velocity fluctuations (again, easily measurable with a hot wire 

anemometer) can be transformed using Taylor’s approximation (Hinze (1959)) into a 

spatial correlation function. The area under this function is a measure of uxL . 

Spectral shape information—how the energy of a flow is distributed over its 

various scales—is not often reported in either bridge or bluff body studies. Although the 
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integral scale—the largest scale present in a flow—is often the only measure of scale 

reported, research has suggested that energy at smaller scales may be more effective at 

causing the effects attributed to turbulence in general. A parameter to gage the small-

scale content of a turbulent flow is the small-scale spectral density parameter first 

proposed by Melbourne (1979) and used subsequently by Tieleman & Akins (1990). It is 

defined as follows: 

 ( ) ( )6
2 10

U
ffGS uu

u =  

where uuG  is the power spectral density of the longitudinal velocity fluctuations and f  is 

the frequency of these fluctuations. This useful parameter is essentially a scale-specific 

turbulence intensity in which the scale is selected with an appropriate value of the 

parameter a . In the frequency relation, DaUf = , a  is chosen as an appropriate ratio 

to the body dimension, D . Work by Gartshore (1973), Melbourne (1979), Bearman & 

Morel (1983), and Tieleman & Akins (1990) have emphasized the effectiveness of scales 

on the order of the thickness of the separated shear layer (which is estimated to be 

approximately 10D ) at altering shear layer behavior. 

 The role of turbulence in the aerodynamics of stationary bluff bodies has been 

extensively documented in the literature (e.g., Gartshore, 1973; Lee, 1975; Kareem & 

Cermak, 1979; Hillier & Cherry, 1981; Bearman & Morel, 1983; Nakamura & Ohya, 

1984; Kiya & Sasaki, 1983, 1985; Nakamura & Ozono, 1987; Saathoff & Melbourne, 

1989, 1997; Kareem, 1990; Nakamura, 1993; Li & Melbourne, 1995; and others). Past 

research into how turbulence affects the bluff-body flow structure illustrated in Figure 

2-2 will now be summarized. Numerous researchers have studied the effects of 

(2-10) 
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turbulence on flows over bluff bodies with rectangular cross sections. Some studies have 

involved finite afterbodies and some have involved afterbodies of sufficient length—i.e. 

“infinite” length—to eliminate interaction between the two separated shear layers and to 

allow study of the separation/reattachment structure exclusively. Data discussed here will 

include that measured from bodies with “infinite” afterbodies because of the similarity to 

data from bodies with a sufficient minimum afterbody length ( 64 ≤≤ DB ). Because 

most research in this field has reported only longitudinal turbulence intensities and 

integral scales, these are the only values referred to in most of this summary. In addition, 

the terms “turbulence intensity” and “integral scale” will refer to the longitudinal values 

unless otherwise indicated. 

 Mean and rms pressure distributions are the two most commonly measured 

quantities for flow over rectangular bluff bodies. Examples of such distributions for a 

blunt flat plate—i.e. a rectangular prism with an “infinite” afterbody—from Li & 

Melbourne (1995) are plotted in Figure 2-3. These distributions exhibit a basic hump 

shape that is typical of a flow with a separated region followed by reattachment. 

Increases in turbulence intensity alter mean pressure distributions in two basic ways that 

have been reported by many number of researchers (e.g. Hillier & Cherry, 1981; Kiya & 

Sasaki, 1983; Saathoff & Melbourne 1989, 1997; and others). Greater values of uI  

increase the maximum negative pressure experienced on the surface and cause an 

upstream “shift” in the flow structure. The maximum value occurs closer to the leading 

edge while the pressure recovery downstream of the maximum becomes steeper. While 

most researchers have found little effect of integral scale on mean pressures for scales up 

to D2 , Li & Melbourne (1995) found that scale effects increase in flows of greater 
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turbulence intensity. Their work, along with that of Nakamura & Ozono (1987) testing 

values up to D24 , shows that as uL  increases beyond D2  the trend described above 

reverses. Instead of greater magnitudes and steeper recoveries, the pressures have smaller 

magnitudes and more gradual recoveries—a trend toward the distributions observed for 

smooth flows. One explanation put forth is that turbulent flows with extremely large 

integral scales behave similarly to smooth flows with slowly varying velocities that are 

not able to alter the mean flow structure. 

 Examples of rms pressure distributions are plotted in Figure 2-4. The basic shape 

of the rms pressure distributions feature an upstream “shift” similar to that observed in 

the mean pressure distributions. Greater turbulence intensities result in rms pressure 

distributions with maximum values occurring nearer the leading edge. While this shift 

does not seem to be significantly affected by scale, the rms values of these distributions 

increase with both intensity and scale. The most significant increases occurred in the 

hump region near the leading edge. Like the mean pressures, the rms pressures were 

increased by turbulence scale increases more dramatically in flows of greater intensity. 

However, Li & Melbourne (1995) reported that these increases occurred only for scale 

less than approximately D8.3 . Beyond these scales, no further increase in the rms values 

was observed (up to integral scales of D2.10 ). 
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Figure 2-3 Streamwise distribution of mean pressure coefficient for smooth and turbulent 
flows about a blunt flat plate with “infinite” afterbody (from Li & Melbourne, 1995). 
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Figure 2-4 Streamwise distribution of rms pressure coefficient for turbulent flows about a 
blunt flat plate with “infinite” afterbody. 

 



 49

 The shift in the statistics described above is accompanied by a shift in the 

reattachment point. In smooth flow, the mean reattachment point is located near D4.4  

and moves upstream with increasing turbulence intensity—near D4.2  for %8=uI . 

Figure 2-5 displays reattachment length data from Saathoff & Melbourne (1997). 

Reattachment is often observed using oil surface-flow visualization—using the upstream 

and downstream motion of the oil to identify a mean reattachment point within a 

reattachment zone. Kiya & Sasaki (1983, 1983a) supplemented this technique using a 

split-film probe to monitor reverse-flow intermittency near the surface. By measuring the 

integral scales of vortices in the reattachment zone they found that the size of the zone 

scales with the size of these vortices. Their measurements of surface pressure spectra in 

the reattachment zone showed a shift in energy from large scales to smaller scales with 

increased turbulence intensity. Kiya & Sasaki (1983) also observed that pressures in the 

reattachment zone exhibited a positive skewness. Probability density functions (PDF’s) 

of pressure signals in separated regions are in general negatively skewed. The positive 

skewness of the reattachment zone was postulated is due to the flux of outer irrotational 

fluid toward the surface (Kiya & Sasaki, 1983). 

 Physically, the shifts in the mean and rms pressure distribution are associated 

with increased curvature of the separating shear layer. As already described, a shorter 

reattachment length accompanies this increased curvature. A number of researchers have 

attributed these shear layer behavior changes to the increased entrainment of the shear 

layer due to free stream turbulence (Gartshore, 1973; Bearman & Morel, 1983; Kiya & 

Sasaki, 1983). Enhanced entrainment draws more fluid out of the separation bubble thus 

lower pressure within the bubble and shortening the reattachment length. Employing 
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pulsed-wire anemometry in the separation bubble of a flat plate normal to the free stream 

(with a long splitter plate), Castro & Haque (1987, 1988) found that entrainment from the 

separation bubble is, in fact, increased with increased free stream turbulence. 
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Figure 2-5 Reattachment length versus longitudinal turbulence intensity for a blunt flat 
plate. 

 

 Negative peak pressure magnitudes generated beneath the separated shear layers 

of bluff bodies also has engineering significance—both for estimating maximum 

structural loads and for understanding the flow physics. Saathoff & Melbourne (1989, 

1997) have studied these maximum pressures for blunt flat plates. Their work shows that 

the maximum peak pressures occur near Rx25.0 —thus showing the familiar “shift” 

toward the leading edge observed in a the mean and rms distributions. The values of the 

peak pressures increase with both turbulence intensity and integral scale. 
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 Using flow visualization obtained simultaneously with surface pressure signals, 

Saathoff & Melbourne (1997) observed that peak pressures occurred when a strong 

vortex was formed from the rolling up of the separating shear layer. It was hypothesized 

that incident turbulence modifies this process by controlling the perturbations of the shear 

layer that create the vortices. Higher turbulence intensities create stronger perturbations 

of the shear layer creating larger vortices. Larger vortices generate greater pressure 

magnitudes. Larger turbulence scales were hypothesized to increase the time of the 

perturbation thus increasing the total amount of shear layer vorticity entrained into the 

vortices. 

 The same mechanism hypothesized for the increase in peak pressures also 

contributes to the increased spanwise correlation of surface pressures—that is, increased 

strength of vortices shed from the leading edge shear layers corresponds to greater 

organization in the spanwise direction. Saathoff & Melbourne (1995, 1997) found 

spanwise correlations to increase with integral scale. This was not a new finding. A 

number of researchers have studied the relationship between incident flow scales and the 

spanwise pressure correlations measured on bluff bodies. In addition to the work of 

Saathoff & Melbourne, Sankaran & Jancauskas (1993) and Kimura et al. (1996) have 

studied spanwise pressure correlation on rectangular cross sections. Larose et al. (1993) 

and Larose & Mann (1998) have studied spanwise force correlation on bridge deck 

sections. In each case, it is reported that as incident turbulent scales increase, spanwise 

coherence increases. Perhaps more importantly, turbulent scales greater than some 

minimum produced spanwise surface pressure coherence greater than that of the incident 

flow. Because spanwise correlations play such an important role in gust loading of 
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structures and in the extrapolation of section model results to full scale, turbulence effects 

on the correlation of pressures along the span must be understood. Again, it should be 

mentioned that the above studies of spanwise coherence and correlation were all 

conducted on stationary bodies.  

 With respect to turbulence scales, two items are worthy of mention before 

proceeding. As mentioned previously, the work of Gartshore (1973), Melbourne (1979), 

Bearman & Morel (1983), and Tieleman & Akins (1990) have emphasized the 

effectiveness of scales on the order of the thickness of the separated shear layer. In 

particular, Gartshore (1973) showed that a small rod upstream of the stagnation 

streamline of a bluff body was sufficient to produce drag behavior similar to that of 

bodies in grid-generated turbulent flow. The relative importance of the various turbulent 

scales would be valuable knowledge when planning an experiment.  

 Quantifying the relative importance of turbulent scales is problematic. To isolate 

the effect of scale, one should keep the turbulence intensity constant. With turbulence 

intensity constant, however, increases in the energy associated with large scales must be 

offset by decreases in small-scale energy. As a result, flow structure changes due to 

large-scale energy increases cannot be differentiated from changes due to small-scale 

energy decreases. With this in mind, the approach taken for this project was to report all 

such scales and refrain from assigning causal relationships between specific scales and 

specific aerodynamic effects.  

 With this background of the current approach and of turbulence effects on bluff 

body aerodynamics as a foundation, subsequent chapters of this dissertation will describe 

this project in detail. 
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CHAPTER 3.   EXPERIMENTAL SETUP

This chapter describes the equipment used in the present study including the

facilities, the model and its motion-driving system, the computer data acquisition system,

and all relevant instrumentation.

3.1 The Atmospheric Wind Tunnel

Both the atmospheric wind tunnel and the turbulence-generation equipment are

described in this section. The basic layout of the atmospheric wind tunnel is shown in

Figure 3-1 below. A 5 ft. by 5 ft. by 49 ft. open-return test section is connected to a

centrifugal fan powered by a 30 hp motor. Air entering the inlet passes through two anti-

turbulence screens and a set of flow straighteners, through a 3.48:1 contraction section

and, finally, through an additional set of flow straighteners. The turbulence intensity of

the resulting flow in the test section is less than 0.5%.

Turbulent flows were generated using conventional biplane, square-mesh grids.

Constructed of wood, these grids each had a solidity ratio of 0.32 (where solidity ratio is

the projected solid area of the grid per unit total area) but had mesh sizes of 7.5 and 21.25

inches (where mesh size, M , is the center to center distance of the grid bars). The smaller

and larger mesh grids were constructed from conventional 2x2 and 2x6 lumber,

respectively (the actual dimensions of 2x2’s are 1.5 in. by 1.5 in. while the dimensions of

2x6’s are 1.5 in. by 5.375 in.). Grids of different geometries at various distances upstream
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of the model generated a wide range of turbulence parameters. Figure 3-1 indicates the

grid positions used in this study. The smaller-mesh grid generated an %6=uI  and an

%12=uI  case using the two grid positions closest to the model — Mx 1.14=  and

Mx 67.6= , respectively. The larger-mesh grid generated %6=uI  and %12=uI  cases

from the two further grid positions — Mx 9.21=  and Mx 5.13= , respectively. Chapter 4

will present velocity measurements and a complete analysis of these four turbulent flows.

Figure 3-1 also shows that this wind tunnel is equipped with a “turbulence

generating box” where turbulence can be generated using lateral jets (as shown in the

figure). This technique was not employed for the present study.

             Inlet and
Contraction Section

Lateral Jet Fans

Lateral Jets

      Flow
Straighteners

Main Fan

Model Location

Main Flow

Access
 Door

  Plenum
Chambers

      Flow
Straighteners

   Grid
Locations

Pitot Probe   Grid
Location

Figure 3-1 Top view schematic diagram of the atmospheric wind tunnel (dimensions are
to scale).

3.2 Model

All pressure measurements were made on a model having a rectangular cross

section. Constructed of Plexiglas, the model had a frontal height, D , of 1.5 in., a

streamwise width, B , of 10 in., and a span, L , of 42 in. End plates of height 7D
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extended 25. D  and 5D  from the model’s leading and trailing edges, respectively. A

drawing and a picture of the model are shown in Figure 3-2. The top face of the model is

fixed in place with screws and is removable to allow for placement and connection of

pressure sensors and tubing.

U

B

D

L

∆y

Figure 3-2 Diagram showing the layout of pressure taps on the surface of the model.
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Figure 3-3 Photograph of the upper surface of the model. Through the upper surface, the
pressure taps, pressure transducers, and all associated wiring is visible.

Figure 3-2 shows the locations of a large number of pressure taps on the model’s

surface. Twenty-one streamwise sets of taps were distributed across the span—both top

and bottom. The middle five rows are separated by 1 in. while the outer rows have a 2 in.

separation. Each row consists of 32 taps—16 on top and 16 on the bottom. Six taps were

distributed in the first 1D  of the streamwise width, B , while the remaining 10 taps were

equally spaced across the rest of the width. The photograph in Figure 3-3 shows the top

surface of the model showing the arrangement of pressure transducers and wiring inside.

A schematic view of the model’s cross section is illustrated in Figure 3-4 to show

explicitly how the pressure taps are distributed in the streamwise direction.
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U

Pressure tap locations

Figure 3-4 Diagram of pressure model cross section showing streamwise placement of
pressure taps.

Sixty-four pressure sensors were fixed inside the model connected to the pressure

taps with 14-in. lengths of plastic tubing (inner diameter 0.050 in.). Because the number

of sensors accommodates the taps of two different spanwise positions at once, the taps

were constructed with stainless steel tubes to allow for convenient rearranging of the

tubing to vary the spanwise separation. Unfortunately, the large number of tubes in the

relatively small model increased the probability of crimping the tubes when the cover was

replaced following rearrangement. When a signal was lost due to crimping, one of two

actions was taken. Either the pressure distribution containing the lost signal was ignored,

or the lost signal was accounted for by interpolating between adjacent pressure signals.

Appendix A contains further details involving the tubing and describes the calibration

procedures for both the sensors and the tubing.

3.3 Motion Driving Equipment

To fulfill the goals expressed in Chapter 2, the motion driving mechanism had to

meet several specifications. Pitching and heaving motion was required at variable
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amplitudes and at variable mean angles of attack. This section describes the equipment

designed and built to meet these needs.

Linkages driven by electric servo motors drove the motion. Figure 3-5 shows a

schematic of these electro-mechanical mechanisms, and Figure 3-6 shows a picture of the

pressure model mounted in this apparatus. The model was mounted between two

“carriage pieces” containing bearings to allow both pitching motion and linear motion

along guide rails. Both the pitching motion and the plunging motion were driven using

specially-designed linkages. The plunging motion was created using push rods driven

eccentrically from a motor mounted beneath the tunnel. Pitching motion was driven from

a motor mounted to the outside wall of the wind tunnel. This motor was connected to a

four-bar linkage mechanism designed to rotate a shaft sinusoidally. This shaft was then

connected to the center shaft of the model for pitching. To allow for both pitching and

plunging motions simultaneously, this shaft connection was made through a double U-

joint. This joint could then flex with the plunging motion and still allow pitching control.

Extensive linkage analysis (Kimbrell, 1991) was performed on these mechanisms to

predict force and torque requirements and to insure that the motion would be sinusoidal.

The two servomotors were controlled using a National Instruments PC-based

controller board (Model PCI-Servo-4A) which can be programmed from LabVIEW

(software which will be described in more detail in the next section). This allowed

versatile integration and coordination of the model motion with the data acquisition

process.
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Model

Guide Rails

Servo Motors

End Plates

Push Rods

Double Flex Coupling
End Plates

Tunnel Wall

Guide Rail Support Structure

Streamwise View Side View

Push Rod

Linear Potentiometer

Rotary Potentiometer

Oscillation Linkage

Gears

Figure 3-5 Schematic diagram of mechanisms for pitching and plunging the section
model.

Figure 3-6 Picture of pressure model mounted on its motion driving mechanisms in the
atmospheric wind tunnel.
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Position information for the two degrees of freedom was obtained in two different

ways. The vertical position of the model was measured using a linear potentiometer. With

its resistance varying with the position of the piston, it produced a voltage proportional to

vertical position of the model. Angular position was acquired using a rotational

potentiometer mounted to the end of the model opposite of the drive end. Calibrations of

these measurement techniques are described in Appendix D.

The flexible coupling driving the pitching motion proved to be a difficult design

problem. To reach low reduced velocities, the frequency of oscillation had to be quite

high (for example, the lowest reduced velocity considered in this case was 1.3=rU

which required an oscillation frequency of Hz5.7=αf ). The couplings tested were either

showing too much play or exhibiting resonance behavior within the frequency range to be

tested. After a number of different design iterations—including double U-joint couplings,

several sizes of flexible couplings, and a rigid shaft—a design was chosen that would

allow testing, but under less than optimal conditions. The design involved flexible

couplings which when combined with the pressure model exhibited a resonant response

peak near 5.5 Hz. This resulted in a change in oscillation amplitude as the frequency was

changed. Figure 3-7 shows how this dependence on frequency translated into an

amplitude dependence on reduced velocity over the range tested for this project. For most

aspects of this research, this amplitude change was unimportant. Discussions of

subsequent chapters will make clear where having non-constant amplitude was an

important issue with respect to the analysis.


