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The tug-of-war between Computational Fluid Dynamics and wind tunnel is sometimes
taken as a zero-sum game with time as wind tunnel will be replaced by CFD, which isfar
from readlity. Effectively, symbiotic use of both tools edges the competition. The
development in computational power elevated the synergy between CFD and
experiments. This dissertation presents the CFD works done by the author in Turner-
Fairbank Highway Research Center laboratory. The works include wind flow
characterization in atest section of the TFHRC wind tunnel, smplification of an existing
complex wind tunnel model, and study of wind-generic bridge deck interaction. Wind
flow characteristics were assessed by velocity distributionsin the test area of the empty
full scale wind tunnel. The complexity in the computational domain was eliminated by
reducing the size of the tunnel, greatly reducing the computational time and cost. The
realizable k- turbulence model was used as a closure for the Reynolds Averaged Navier-
Stokes Equations (RANS) and Unsteady Reynolds Averaged Navier-Stokes Equations
(URANYS) equations. For all the ssimulations, commercial numerical code, Star-ccm+, was

used.

Simulations with and without screens were analyzed. The presence of the screens

produced a fairly uniform velocity distribution across the test section, and patterned



pressure distribution was aso observed compared to screenless wind tunnel. A good
agreement was obtained between the measured and calculated velocities. The open return
wind tunnel was able to yield fairly uniform velocity distributions throughout the width
of the test section. Ensuring removal of obstacles that can interfere the circulation of

wind around the wind tunnel should not be undermined.

Floating number errors and geometry complexity were targeted during the simplification
of the wind tunnel model. The computational size and time were reduced 45% and 40%
respectively. Mesh sensitivity study was done to choose the correct discretized model.

The computed velocity was found to be close to measured velocity.

Wind-bridge deck interaction was studied in the Reynolds number range of 4.25 x 10°*-
4.29 x 10* for seven angles of attack ranging from -15° to 15° in an interval of 5°. The
aerodynamic response of the deck was numerically computed. URANS with implicit
unsteady time steps was implemented. The calculated mean drag and lift coefficients
were found to be close to the measured values. However, further work is recommended
for the pitching moment coefficients, which aberrated from the wind tunnel testing
results. The k- turbulence model was able to provide engineering results. The devel oped
open circuit wind tunnel model lays the platform to studies such as the effect of aspect

ratio of bridge decks and Reynolds number on aerodynamic performance.



Dedication

This dissertation islovingly dedicated to my mother, Tsghereda Abraha. Her support,

encouragement, and constant love have sustained me throughout my life.



ACKNOWLEDGMENTS
Faculty, family and colleagues have contributed in completing the dissertation even
though only my name appears on the cover. | owe my gratitude to all the people who
helped me walked all the long road to the dissertation destination, and | am sure that my
graduate experience will be one that | will cherish forever. My deepest gratitude goes to
my advisor, Dr. Junke Guo for his guidance, understanding, and patience throughout the
course of my study. | am so deeply grateful for his financial support and help me stand as

an independent thinker.

I would like to thank my committee members—Dr. John Stansbury, Dr. Tian Zhang, Dr.
Yusong Li and Dr. Yaoqing Y ang—for feeding me knowledge and support throughout
my study. | am thankful for Dr. John Stansbury, Dr. Daniel Linzell and Dr. Eva
Bachman for their institutional support and making sure that my study does not
interrupt due to financial constraint, and | would aso like to express my sincere
gratitude to Arlys Blakey for her continuous support. My stay at the TFHRC would not
have been possible without the help of Dr. Jerry Shen, Dr. Harold Bosch and Dr. Kornel
Kerenyi. | extend my gratitude to the members of the TFHRC aerodynamics lab
personnel specially Michael Uhrig and Timon Meyer. | would also like to acknowledge

Dr. Steven Lottes and Dr. Cezary Bojanowski for their technical supports.

Finally I must express my profound gratitude for my family whaose continuous support,
encouragement, patience and unwavering love were undeniably the bedrock upon which
my success have been built. It was under their watchful eye that | gained so much drive
and courage to tackle challenges head on. My sincere thanks to friends for their generous

moral support.



iii

TABLE OF CONTENTS

LIST OF FIGURES ...ttt s vil

LIST OF TABLES ...ttt st Xvi

LIST OF ABBREVIATIONS ... Xviii

LIST OF SYMBOLS ... .o XX

CHAPTER 1
1.1
1.2
1.3
1.4

CHAPTER 2
2.1
2.2
2.3

CHAPTER 3

3.1
3.2

3.3

INTRODUCTION ...ttt 1
OVEIVIEW ..ttt b e e sae e saeassaeeeaeesneeeneeeneennes |
Motivation of WOrK ........cccooveeiiiiieiiiiiiecii s 3
ODBJECHVES ..ttt sttt enenees |
Dissertation SIrUCIULE .......ccivvierruiiieriiiriiririeeicerresieeee e cnneenes
LITERATURE REVIEW .....ccoiiiiiiiieee e 10
Computational Fluid Dynamics and Its Applications...........cccccc..... 10
Effect of Reynolds Number ..........cccccceeviiviiiiiiiiiiieieniieeeceiieeeeenens 11
Bluff Body Aerodynamics.......ccocuvvveerverirersvesinesniessessisesssesssaesssenss 19
NUMERICAL MODELS, COMPUTATIONAL AND WIND

TUNNEL FACILITIES ...t 21

Navier-Stokes EQUation ........cccceviirieeiieniiiieesecneesiessnesneessaessnenns 21
Discretization and Numerical Methods .......ceeevvvveeeevviiieeeiiiieeeiinnnnn 24
Turbulence MOEIS ....cooveveveeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeraesnaennnn. 20

3.3.1 Overview of Turbulence Models.........cc.ceeveevvveerecrreenrnnennn. 26
3.3.2 Eddy Viscosity Turbulence Models .........ccccocvevvrerivenrennnnn. 27
3.3.3 Space Filtering Turbulence Models.........ccccevvrvrveiriiinennn. 34



3.4

3.5
3.6
3.7
3.8

CHAPTER 4
4.1
42
43
4.4
4.5
4.6
4.7

CHAPTER 5
5.1
5.2
5.3
5.4
5.5
5.6
5.7

5.8

Turner-Fairbank Highway Research Center Boundary Layer Wind

Tunnel FACIItY ...ccouviiieiiiieeeeecee e
Transportation Research and Analysis Computer Center..................
Holland Computing Center..........coueevieieieriieeeeniieeeeerieeesesveeeeeesaene
Flow Quality and Pressure-Drop Coefficients of Screen ..................
Measurement of Velocity and Pressure in Test Section ...........c........

RANS FULL SCALE WIND TUNNEL SIMULATION

INErOAUCTION. ...ttt
Numerical Methodology ........euvviiemieieeeiieiee e
Baffle wall MOdel .......oovviiiiiiiiieiiiiciiccrecseese e
Mesh Generation...........coueeeiiiieiininieiiiiieiceeceeeee e
Mesh ConVergence TEeST .......cievuvireeiiiirieieiiiieeeceiieeeeeriieeeeeiiree e e s
Results and DiSCUSSION ...cc..oovviiiiiiiiiiiiiiiereccece e
Comparison of Experimental and CFD Results.............ccccoovuveeeennnns

SIMPLIFIED WIND TUNNEL MODEL ..................

INtrOAUCTION. ..ceiiiiiiiiii et
Numerical Methodology ........cccevvveviiriiinieiniiiieccienine
Geometry and Computational Domain..........ccceeveveeeeeniiiieriiieeeeennns
Mesh GENETatioN.........ccoovuvireeieiuiireeeirireeeenireeeesiineeeesessnenas
Boundary Conditions ..........eeeveiviieeiniiieeieiieeeesieeeeeee e
Computational Simulation.............ccceeiiiiiiiiiiiiiiiiiie,
Grid Sensitivity StuAY....coooveomiiiieieeeeee s

Results and DISCUSSION v.euuvvvveeeeeiieieeeeeiieeeeeeieeseeeeneeeesennnees

41

45

47

48

49

51

53

.57

58

61

65

80

87

87

90

91

93

93

94



59
5.10

CHAPTER 6

6.1
6.2

6.3

6.4
6.5
6.6
6.7
CHAPTER 7
7.1
7.2
7.3
7.4
REFERENCES
Appendix A
Appendix B

Appendix C

Comparison of Full Scale and Simplified Wind Tunnel Models ....
Comparison of Measured and Computed Velocity ...........cccceeeneee.

URANS SIMULATION OF WIND-BRIDGE DECK
INTERACTION ....cciiiiiiiiiiiiiiiici it

INtrOdUCHION. ...ciiiiiiiii e
Wind Tunnel Testing and Simulation Setups .........cccceeveeruenveneeenne.
Numerical MethodOlOgY ......ccoovuviiieiiiiiiiiiiieeeecieeeeeeee e

6.3.1 Drag and Lift CoeffiCients.........cccccevvveriiinrueniiiiiiesireniens
6.3.2 Axial and Normal Force Coefficients.........c..cccceeeueeuennne.
6.3.3 Aerodynamic MOMENTS .........oeeeivuireeeiririeeeeiiieeeeeineeeeens
6.3.4 Pressure CoeffiCients .......c.cceeeviieiiieiiiiieiiiceiicceeecee

Spatial and Temporal DiSCretization .............ceeeeveveeeeerveeeereneeeenennns
Application of FIow Physics........cccociiiiiiiiiiiiiiiiiiicccieecee
Results and DiSCUSSION ......cceeiiiiiiiiiiiiiiiiciiccicceeee e
IMPIICAIONS ..oiiiiiiiiiiiiiiciici e
SUMMARY AND RECOMMENDATIONS ......ccccceevvvvrnen.
Numerical Characterization of Velocity in Wind Tunnel................
Simplification of Wind Tunnel Model ..........cccocoviiiiiiiniininincnn.
CFD Investigation of Wind-Generic Bridge Deck Interaction........

ReECOMMENAALIONS .....evvieriieriiirietiittststssasssssssssssesesssssns

Velocity Distribution in the Full Scale Wind Tunnel..............

Velocity Distribution in Sections inside the Wind Tunnel......

5% Angle of Attack .....ccoeoiiiiiiiiiiie e

103

106

110

111

115

120
121
122
124
126

129

131

148

150

152

153



Appendix D
Appendix E
Appendix F
Appendix G

Appendix H

Vi

10° ANgle Of ATEACK .....eeveeeieieeie et 177
15° Angle Of AtTaCK .....cccvveeeece e 182
S50 Angle of AttaCK........ooeviiiiieee e 187
-10° ANgle Of ATACK ......cccveeiecieceeseecee e 192

-15° ANgle Of ATaCK ......cccveieecieceeseeeee e 197



Vii

LIST OF FIGURES
Figure 1.1-1: The sinking of the pontoon bridge over the Hood Canal near peninsulain
Washington State (Fredict 2014) ........ccooeceeee e 2
Figure 2.2-1: Variations of the base pressure coefficient (Cyb), drag coefficient (Ca),
Strouhal number (S;), moment coefficient (Crm), and lift coefficient (Ci)
depending on the Reynolds number and angles of attack (Schewe 2013) ... 14
Figure 2.3-1: The spanwise streamlines time averaged (above) and scheme of the
recognized mean flow structures (below) (Bruno et a. 2010) ..................... 16
Figure 2.3-2: The time-averaged mean base pressure coefficient (Cpb) with respect to the
aspect ratio (B/D) (Tian et al. 2013).....cccccoereereriineerie e 19
Figure 2.3-3: The time averaged drag coefficient (CD) with aspect ratio (R) (Najjar and
Vanka 1995b; Tian et al. 2013) .....cccooceieriirieneeie e s 19
Figure 2.3-4: Ther.m.s. lift coefficient (Crms) against the aspect ratio (Ngjjar and Vanka
1995h, Tian €t @l. 2013)......ooiiieeieeieree e e e 20

Figure 3.1-1: Cascading of energy from largest scale to the dissipation scale (Anderson et

Bl 2002) ... ettt nrenns 22
Figure 3.1-2: Fluctuation of VelocCity With tImMe..........cccovieiiiiiieeee e 23
Figure 3.3-1: Turbulence models and computational limitations (not to scale)................... 27

Figure 3.3-2: Impingement causes the over-production of turbulent energy k by the standard

k-e model (Murakami 1998) .........cceoeieeriniiniee e 31
Figure 3.3-3 : A schematic overview of turbulence models (Anderson et al. 2012)............ 40
Figure 3.4-1: Tacoma Narrow Bridge collapsed on November 7, 1940, caused by

IS 0 1S = o (Lo 1011 (< G RRTSRR 41



Figure 3.4-2:

Figure 3.4-3:

Figure 3.4-4:
Figure 3.5-1:
Figure 3.8-1:
Figure 4.1-1:
Figure 4.1-2:
Figure 4.2-1:

Figure 4.2-2:

Figure 4.2-3:
Figure 4.4-1:
Figure 4.4-2:
Figure 4.5-1:
Figure 4.5-2:
Figure 4.5-3:
Figure 4.5-4:

Figure 4.6-1:

Figure 4.6-2:

Figure 4.6-3:

viii

The front and side of the boundary layer wind tunnel

The open wind tunnel, turbulence generator and the surrounding walls at the

TFHRC aerodynamic laboratory (FH Aachen) ..o
Schematic cross sections of different honeycombs (Kulkarni et al. 2011) .... 44
Cluster computer and client-server connection (Argonne)

Pitot-Prandtl probe with a hemispherical probe nose (Risti¢ et al. 2004). ..... 50

Model of the fan: the new updated fan (left) and the previous fan (right) ..... 52
Model of theinlet parts of the wind tunnel fan ..........cccocoveriiiniicnecee, 53
Location of probe sections and lines selected in the areas of interest ............ 54

Longitudinal profile of the wind tunnel. 1 to 8 are the screens, and the inside
derived sections are shown between the Screens.........ccoovveeveeieneenecceneens

Flow diagram for the simulations of the wind tunnel with new fan model .... 56

Computational domain of the full scale wind tunnel modd............................ 60
Discretized wind tunnel MOodel ..o 61
Comparison of velocities at 2 ft line for different mesh sizes....................... 63
Comparison of velocities at 3 ft line for different mesh sizes....................... 63
Comparison of velocities at 4 ft line for different mesh sizes....................... 64
Comparison of velocities at 5 ft line for different mesh sizes....................... 64

Velocity distributions across the vertical (top) and horizontal (bottom) planes.
RS and LS arethe right and left sides of the entrance to thefan .................
Velocity inavertical cross section passing through the test section center ... 66

Velocity distribution in the line probes placed across the room lab...............



Figure 4.6-4: Surface-averaged velocity measured and the standard deviation at different
sections inside the wind tunnel and thetest section .........cccoccvveevenieneenens 68

Figure 4.6-5: The velocity profile along aline passing through the center of the WT and the

1S 0 < ok o o ST 69
Figure 4.6-6: Pressure spectrum created due to the presence of the screens...........ccccoveee. 70
Figure 4.6-7: Pressure variation inside wind tunnel and the test section ...........c.cccceeeeneeee 70
Figure 4.6-8: Surface-averaged pressure calculated ON SCreens........coovveevereeseeseeseeneennens 71
Figure 4.6-9: TKE distribution along the wind tunnel and the test section............c.cccceenue. 72
Figure 4.6-10: TDK distribution inside the WT and the test Section .............ccocvvvvenerennens 73
Figure 4.6-11: Velocity at the test section of the wind tunnel............ccooooiiiiiineniiiee, 74
Figure 4.6-12: Velocity across the vertical section of the screenlessWT .........ccoceiveienen. 75

Figure 4.6-13: The velocity profile along center of the screenless wind tunnel and the test

Figure 4.6-14. Surface average velocity across sections along the WT and the test region 77

Figure 4.6-15: Pressure distribution across the wind tunnel without screens...................... 77
Figure 4.6-16: Pressure along the center line of the screenlesswind tunndl........................ 78
Figure 4.6-17: Pressure computed on both sides of the interfaces............c.ccoovviieniceenene 79

Figure 4.6-18: TKE distribution along the screenless wind tunnel and the test section ...... 80
Figure 4.7-1: Points of velocity measurement (N0t t0 SCAlQ) ........cocvererierreerierenee e 81
Figure 4.7-2: Location of axes of calculated velocity: top and side views respectively. ..... 82
Figure 4.7-3: The measured and simulated velocity comparison along the a-a axis............ 83
Figure 4.7-4: The measured and simulated velocity comparison along the b-b axis........... 83

Figure 4.7-5: The measured and simulated velocity comparison along the c-c axis......... 84



Figure 4.7-6: The measured and simulated velocity comparison along the d-d axis......... 84
Figure 5.3-1: Full scale wind tunnel model displaying theregions..........cccocevvvennnenee. 90
Figure 5.3-2: The simplified wind tunnel model ... 91

Figure 5.4-1: Generated mesh in avertical cross section in the computational domain.... 91

Figure 5.4-2: Trimmer mesh for the simplified wind tunnel .............cocco e, 92
Figure 5.7-1: Mesh independent study at 3 ft l[ine fromthe WTE..........ccccooveriinenniinnee. 96
Figure 5.7-2: Mesh independent study at 4 ft l[ine fromthe WTE..........ccccoveriinenineene. 97
Figure 5.7-3: Mesh independent study at 5 ft l[inefromthe WTE..........cccooiiinennnne 97

Figure 5.8-1: Horizontal (top) and vertical distribution (bottom) of velocity in the
simplified Wind tUNNE ..o 100
Figure 5.8-2: Vel ocity distribution in the line probes of the smplified moddl. .............. 101

Figure 5.8-3: Vertical velocity distribution in the test section of the simplified WT ...... 102

Figure 5.9-1: Simplified and full scale WT velocities comparison a axis aa................ 103
Figure 5.9-2: Simplified and full scale WT velocities comparison at axisb-b................ 104
Figure 5.9-3: Simplified and full scale WT velocities comparison a axisc-C................ 104
Figure 5.9-4: Simplified and full scale WT velocities comparison at axisd-d................ 105
Figure 5.10-1: Measured and computed velocity comparison along the a-a axis............ 106
Figure 5.10-2: Measured and computed velocity comparison along the b-b axis........... 107
Figure 5.10-3: Measured and computed velocity comparison along the c-c axis............ 107
Figure 5.10-4: Measured and computed velocity comparison along the d-d axis........... 108

Figure 6.2-1: Bridge modél is placed infront of the exit of the wind tunnel extension (FH



Xi

Figure 6.2-2: Bridge deck geometry with (right) and without the attached adaptors at both
(< 010 S (= ) R PRR 113
Figure 6.2-3: Wind tunnel testing set up showing the Pitot tubes, force balances and data
acquisition instrument (BOSCH) ........coeeieriinienine e 113
Figure 6.2-4: Bridge deck model placed between the dual force balances (FH Aachen) 114
Figure 6.2-5: The placement of the force balance on each side in an inclined bridge model
R w10 1) J O 115
Figure 6.3-1: Locations of the pitot tubes upstream and downstream of the bridge deck 117
Figure 6.3-2: Locations of the line probesin the areaof interest ...........cccceeeveeieieenenns 117
Figure 6.3-3: Locations of the probe sections selected around the bridge deck .............. 118

Figure 6.3-4: Flow chart for the simulations in the numerical aerodynamic investigation of

deck-Wind INEEraCtioN ............cciiiiriieeeeese e 119
Figure 6.3-5: Orientation of the different forces on the bridge deck ............ccoceinenees 122
Figure 6.3-6: Orientation of the moments and forces on the bridge deck ...................... 123
Figure 6.4-1: Discretized model of the wind tunnel and the bridge deck ..............c..c...... 126
Figure 6.4-2: Bridge deck mesh refined with small cell Size..........cocooieiiiininiiienes 127
Figure 6.4-3: A refined 2-D vertical mesh around the model ..o, 127
Figure 6.4-4: Prism layer around the deCk ............cooiriiieiiiierece e 128

Figure 6.4-5: Residuals of the simulation for 0° angle of attack with atime step of 0.025

Figure 6.5-1: Y + value for the simulation of the 0° angle of attack ...........ccccceevrvrennenne. 130
Figure 6.6-1: Linear relationship between the inlet boundary velocity (1V) and velocity at

the location of pitot tube-center (Veenter) .....ovovreriiereiiiciiisciic 132



Xil
Figure 6.6-2: Linear relationship between the inlet boundary velocity (1V) and velocity at
the location of PItot tUDE-L (V1) .ccerererireresesieieeeseese e 132
Figure 6.6-3: Velocity in the horizontal (top) and vertical (bottom) sections of the
computational dOMEAIN ........c.ooieiirie e 134
Figure 6.6-4: Converged lift and drag coefficients in 0° angle of attack ssimulation....... 135
Figure 6.6-5: Calculated normal and axial force coefficientsin 0° angle of attack.......... 136

Figure 6.6-6: Pressure coefficients for the horizontal bridge deck (a) top and front and (b)

the bottom Sides of the deCK ..o 137
Figure 6.6-7: Converged velocity results at the three positions of the pitot tube............. 138
Figure 6.6-8: Ve ocity distributions around the bridge deck ... 139
Figure 6.6-9: TKE distributions around the horizontal deck .............cccooriiieieniinieennns 140
Figure 6.6-10: TDR distributions around the horizontal deck ............cccccooiveiienieneennns 141
Figure 6.6-11: Mass flow ratesin the wind tunnel model ...........c.ccoooeiiniininniiies 141
Figure 6.6-12: The aerodynamic moment coefficients of the bridge deck ...................... 142

Figure 6.6-13: Drag coefficient comparison between the experimental and CFD results143
Figure 6.6-14: Lift coefficients comparison between the measured and CFD results..... 144

Figure 6.6-15: CFD and wind tunnel test data comparison for the axial force coefficients

.................................................................................................................... 145
Figure 6.6-16: Comparison of CFD and measured normal force coefficients................. 146
Figure 6.6-17: Comparison of CFD and measured moment coefficients...........c.ccccue..... 147

Figure A-1: Velocity distributions in vertical sectionsin the WTE and the test section. 167
Figure B-1: Velocity distributions across vertical sectionsinsidethe WT.............c....... 170

Figure C-1: Drag and lift coefficients for 5° angle of attack...........ccccoecvvcvvivrievienesenncnne 172



Figure C-2: Normal and axia force coefficients for 5° angle of attack ............cccveuenneee. 172
Figure C-3: Pitching, rolling and yawing moment coefficients for 5° angle of attack .... 173
Figure C-4: Velocity flow around the bridge deck for 5° angle of attack............c.......... 174
Figure C-5: Ve ocity distributions around the deck with 5° angle of attack.................... 174

Figure C-6: Pressure coefficients for 5° angle of attack (a) bottom, (b) the top of the bridge

(01 o SRR 175
Figure C-7: TKE distributions around the deck for 5° angle of attack .............ccccveeenenne. 176
Figure C-8: TDR distributions around the bridge deck for 5° angle of attack................. 176
Figure D-1: Converged drag and lift coefficients for 10° angle of attack........................ 177
Figure D-2: Normal and axial force coefficients for 10° angle of attack.............cccueu..... 177
Figure D-3: Moment coefficients for 10° angle of attack ............ccceevviiniicincncinee, 178
Figure D-4: Velocity flow around the bridge deck for 10° angle of attack...................... 178

Figure D-5 : Velocity distributions around the bridge deck with 10° angle of attack ..... 179

Figure D-6: Pressure coefficients for 10° angle of attack (a) bottom, (b) the top and side of

the DA AECK ..o 180
Figure D-7: TKE distributions around the bridge deck with 10° angle of attack ............ 181
Figure D-8: TDR distributions around the bridge deck with 10° angle of attack ............ 181
Figure E-1: Drag and lift coefficients for 15° angle of attack..........cccccvvvvveinenenenncnne. 182
Figure E-2: Normal and axial force coefficients for 15° angle of attack ...........c.cccene.e. 182
Figure E-3 : Moment coefficients for 15° angle of attack............cccvereiriiicinenicieneee, 183
Figure E-4: Velocity distributions around the bridge deck for 15° angle of attack ......... 184

Figure E-5: Velocity distributions around the deck with an angle of attack of 15°......... 184



Xiv

Figure E-6: Pressure coefficients for 15° angle of attack (a) bottom, (b) the top and side of

the DA AECK ..o 185
Figure E-7: TKE distributions around the deck with 15° angle of attack ............c..c....... 186
Figure E-8: TDR distributions for angle of attack of 15° ..., 186
Figure F-1: Drag and lift coefficients for -5° angle of attack............coceoreriincneincnen, 187
Figure F-2: Normal and Axial force coefficients for -5° angle of attack ............cccueue... 187
Figure F-3: Moment coefficients for -5° angle of attack...........ccccevveneiniiiincnicienee, 188
Figure F-4: Velocity flow pattern around the bridge deck for -5° angle of attack........... 188
Figure F-5: Velocity distributionsin the test section for -5° angle of attack ................... 189

Figure F-6: Pressure coefficients for -5° angle of attack () bottom, (b) the top and side of

the DA AECK ..o 190
Figure F-7 : TKE distributions for -5° angle of attack ..., 191
Figure F-8: TDR distributions for -5° angle of attack............ccoceeeoerineineneiencseeeee 191
Figure G-1: Drag and lift coefficients for -10° angle of attack ............ccceevreiercnicnencnnen. 192
Figure G-2: Normal and Axid force coefficients for -10° angle of attack ...................... 192
Figure G-3: Moment coefficients for -10° angle of attack...........cccevreirencinenieienee 193
Figure G-4: Velocity flow around the bridge deck for -10° angle of attack .................... 194
Figure G-5: Velocities at positions of the Pitot tUDES .........cccoeeverieneerece e 194
Figure G-6: Velocity distributions for -10° angle of attack ..........ccccocvvcevevvcenieneseecee 195

Figure G-7: Pressure coefficients for -10° angle of attack (@) bottom, (b) the top and side
Of the Dridge decK ... 195
Figure G-8: TKE distributions for -10° angle of attack ............coeevereinienicincneeeee, 196

Figure G-9: TDR distributions for -10° angle of attack ............ccoeerireineniiineseeeee 196



XV

Figure H-1: Drag and lift coefficients for -15° angle of attack ............cccceevreirenciinenen. 197
Figure H-2: Normal and axial force coefficients for -15° angle of attack ....................... 198
Figure H-3: Moment coefficients for -15° angle of attack...........cccvevveireieinenicienee, 198
Figure H-4: Velocity flow around the bridge deck for -15° angle of attack .................... 199
Figure H-5: Velocity distributions around the deck for -15° angle of attack................... 199
Figure H-6: Pressure coefficients around the deck region for -15° angle of attack ......... 200
Figure H-7: TKE distributions for -15° angle of attack ..........c.coevreneinieicincnereeee, 200

Figure H-8: TDR distributions for -15° angle of attack ............coeoviniineneincncenee 201



Table 3-1;

Table 4-1;

Table 4-2:

Table 4-3;

Table 4-4;

Table 4-5;

Table 4-6:

Table 4-7:

Table5-1;

Table5-2;

Table5-3:

Table 5-4:

Table 5-5;

Table 5-6:

Table5-7:

Table6-1;

Table 6-2;

Table 6-3:

Table 6-4:

XVi

LIST OF TABLES

Composition of the TRACC super-computers (Argonne) ..........cceeeeeeeeeenenn 46
Mesh characteristics of the wind tunnel discretized model.............ccccveenens 60
Computational size of the different meshes..........ccccecevevecceccce e, 62
Pressure drops aCroSS the SCrEENS.........ccveveieereere e eree e seeeee e ae e e 72
The alpha (o) values for the SCreens.........ccceveeievieeseese e 72
Comparison of velocities at different positions of the test section.................. 75
Wind tunnel test data |OCatIONS ...........cooveeriinreeres e 81
Statistical comparison of measured and calculated velocities in the full scale

L1 SRS 86
Mesh properties for the mesh independent study ..........ccceveveevieececeereeee e 9
Base sizes provided for the regions of the simplified WT simulations........... 95

Estimation of the velocity differences between the medium and fine mesh

SIMUIBLIONS. ...ttt n e nneneas 96
MESN PAIAMELENS......c.eeieeeieeieeieesieee e te s e sre e e ste e sreente e e e sreeaesneesseeneennes 98
Physical parameters for the computational domain ...........ccccceveeveeceereeeene. 99
Statistical comparison between full scale and simplified WT models.......... 106

Statistical comparison of measured and computed velocities in the ssimplified

WT MOEL ... 109
Input for calculating the aerodynamic coefficient..........cccoevveeevecceceenene, 121
Pitching moment iNPUL VAlUES..........cccoeueieeriece e 124
Pressure coefficient iNPUE VAIUES..........ccveceveerienie e 125
Mesh and face sizes of the SIMUIELIONS.............cooeierinerein e 128



Table 6-5: Drag, lift and pitching moment coefficients............ccccceeveevieciecvee e, 143

Table 6-6: Statistical comparison of measured and computed aerodynamic parameters148



AASHTO

ASM

CFD

CPU

DES

DNS

EARSM

FDM

FEM

FHWA

HCC

LEA

LES

LFD

NS

RANS

LIST OF ABBREVIATIONS

American Association of State Highway and Transportation Officials

Algebraic Stress Model

Computational Fluid Dynamics

Central Processing Unit

Detached Eddy Simulation

Direct Numerical Simulation

Explicit Algebraic Reynolds Stress M odel

Finite Difference M ethod

Finite Element Method

Federal Highway Administration

Finite Volume Method

Holland Computing Center

Linearised Explicit Algebraic (model)

Large Eddy Simulation

Load Factor Design

Navier-Stokes (Equation)

Reynolds Averaged Navier-Stokes

XViil



RNG

RSM

SGS

TDR

TFHRC

TKE

TRACC

URANS

WSD

WSDOT

WT

WTE

XiX
Renormalization Group (Method)
Reynolds Stress Model
Spalart Allmaras Equation
Subgrid Scale
Shear Stress Transport
Turbulent Dissipation Rate
Turner-Fairbank Highway Research Center
Turbulent Kinetic Energy
Transportation Research and Analysis Computing Center
Unsteady Reynolds Averaged Navier-Stokes
Working Stress Design
Washington State Department of Transportation
Wind Tunnel

Wind Tunndl Extension



Re
Cqd
Ci
Fq
F

Sref

Po

Kdrop

LIST OF SYMBOLS

Reynolds number

Drag coefficient

Lift coefficient

Drag force

Lift force

Plan projected area of the generic bridge deck

Density of air

Characteristic length, width of the generic bridge model

Length of the generic bridge model

Ve ocity of wind

Angle of attack

Pressure coefficient

Reference velocity

Pressure

Time averaged pressure

Reference pressure

Pressure drop coefficient

XX



